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CHAPTER I
 
INTRODUCTION
 
Plant diseases have influenced human welfare since
 
before recorded history (Fry, 1982; Russell, 1981), and the
 
importance of the host in plant disease epidemiology has
 
been known since the beginning of agriculture (Cowling &
 
Horsfall, 1978). Today's cultivated crop plants are the
 
result of selection of plant lines that evolved naturally in
 
one or more geographic areas over millions of years (Agrios,
 
1988). Several practices of modern agriculture, such as the
 
use of genetically uniform crops over large areas and the
 
increased use of fertilizers and irrigation, have enhanced
 
the destructive potential of pests and diseases (Carlson &
 
Main, 1976). There have been many epidemics which have had
 
serious economic consequences (Klinkowski, 1970; Russell,
 
1978). The influence of plant diseases have ranged from
 
major catastrophic epidemics to minor annoyances. An
 
outbreak of potato late blight, caused by Phytophthora
 
infestans, was directly responsible for the Irish potato
 
(Solanum tuberosum) famine of the 1840s, and changed the
 
course of history (Russell, 1981). Coffee rust (Hemileia
 
vastatrix) ravaged the coffee (Coffea arabica) plantations
 
of Ceylon after 1870 (Large, 1950). Brown spot of rice
 
(Oryza sativa), caused by Dreschlera (Helminthosporium)
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oryzae, was the cause of 'The great Bengal famine' in 1943
 
(Padmanabhan, 1973). In response to severe disease
 
outbreaks, considerable emphasis has been given by breeders
 
and plant pathologists alike to the development of more
 
durable disease control strategies.
 
Advantages and disadvantages of pure-line cultivars
 
Much of the improvement in self-pollinated crop plants
 
has come through the selection of 'pure-line' cultivars
 
(Marshall, 1977). The uniformity of pure line cultivars has
 
obvious and significant advantages (National Academy of
 
Sciences, 1972; Marshall, 1977). For growers, uniformity of
 
size, height, and maturity allows them to more fully exploit
 
increases in efficiency offered by modernization of crop
 
production. In addition, uniformity of agricultural products
 
provides further economic benefits to processors by
 
minimizing the need for costly adjustments in operational
 
costs, which ultimately benefit consumers in terms of lower
 
food costs and other benefits (Marshall, 1977). However,
 
uniformity of pure line varieties also has serious
 
disadvantages. Foremost among these is enhanced
 
vulnerability to exotic pathogens or to virulent new races
 
of indigenous pathogens. There is little doubt that genetic
 
uniformity promotes vulnerability to epidemics (Adams et
 
al., 1971; Agrios, 1988; Barrett, 1978, 1980; Burdon, 1978;
 
Browning & Frey, 1969; Leonard, 1969a; Marshall, 1977;
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Wolfe, 1978; Wolfe & Barrett, 1980; Vanderplank, 1963,
 
1968) .
 
Diversity and disease
 
The cultivation of plants by man involves significant
 
departures from natural ecosystems, and one of the most
 
important of these is the replacement of diversified natural
 
vegetation by monoculture of single crop genotypes (Day,
 
1978). Modern farmers have concentrated their efforts on
 
monocultures of genetically defined cultivars that perform
 
better when grown in specific environments (Ralph, 1987).
 
Cultivars that are finely tuned to their environment can
 
suffer dramatic production losses when an all too variable
 
environment turns against them or when a pathogen with a
 
new matching virulence gene appears (Ralph, 1987). For
 
convenience in planting, tending, and harvesting, humans
 
have clustered their plants together on the more fertile
 
lands, which is convenient not only for man but also for
 
many of the pathogens that cause epidemics. Thus, through
 
his own volition, man has made his crops more vulnerable to
 
epidemics (Cowling & Horsfall, 1978). Agricultural practices
 
aggravate the destructive potential of biotic pathogens by
 
crowding hosts together in continuous monoculture, and
 
exposing susceptible plants to pathogens. In spite of strong
 
efforts to develop resistant plants, vulnerability to
 
diseases will continue because of the practical need to
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cultivate larger areas of genetically similar plants. Thus,
 
stable disease management strategies are needed (Fry, 1982).
 
Since lack of genetic diversity within or between
 
cultivars appears to be a key element in the vulnerability
 
of self-pollinated crops to disease, strategies to combat
 
plant disease often involve the introduction and maintenance
 
of genetic heterogeneity in crop communities in some planned
 
fashion (Borlaug, 1958; Browning, 1974; Browning & Frey,
 
1969; Frey et al., 1977; Mundt, 1990, 1994a, b; Mundt &
 
Browning, 1985; Ralph, 1987; Schmidt, 1978; Wolfe, 1985;
 
Wolfe & Barrett, 1980). Genetic resistance and overall
 
genetic diversity are critical for the long-term
 
sustainability of the world's food supply (Schumann, 1991).
 
The more diverse the genetic background of our crop species,
 
the less likely it is that a single new pest or pathogen
 
will cause devastating losses.
 
Recent history and our understanding of relationships
 
between natural and cultivated species provide excellent
 
insight into many of the reasons for man's confrontation
 
with disease of crop plants (Nelson, 1973). Wild species in
 
natural ecosystems typically are comprised of populations of
 
plants, grown at random as single plants or as groups of few
 
plants, and exhibit considerable genetic diversity for many
 
traits beneficial to survival. But in agroecosystems, man
 
crops a single species of genetically uniform plants in
 
larger areas. In natural ecosystems, hosts and pathogens
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have coevolved a dynamic balance (Horsfall & Cowling, 1978)
 
and in the words of Schmidt (1978), "functional diversity"
 
is achieved, i.e., diversity that protects hosts from their
 
pathogens. Others have called this population resistance
 
(Vanderplank, 1975) and dilatory resistance (Browning et
 
al., 1977). Genetically controlled resistance is a major
 
mechanism contributing to the buffering of plant disease in
 
natural ecosystems (Browning, 1974; Segal et. al., 1980). It
 
has been suggested by many agriculturists that genetic
 
diversity could contribute significant protection from
 
disease in natural ecosystems and in traditional agriculture
 
(Browning, 1974; Mundt, 1990, 1994a, b; Mundt & Browning,
 
1985; Wolfe, 1985). Thus, the purposeful use of genetic
 
diversity in agriculture to manage plant diseases and
 
stabilize yields has been advocated by many authors
 
(Browning & Frey, 1969; Frey et al., 1977; Mundt, 1990,
 
1994a, b; Mundt & Browning, 1985; Ralph, 1987; Suneson,
 
1960; Wolfe, 1985).
 
Value of resistance
 
Disease resistance in plants is essential to the well­
being of man. Disease control by resistance probably was the
 
first method used to combat plant pathogens (Nelson, 1973).
 
The selection and use of disease-resistant plants may have
 
been a conscious or unconscious part of man's philosophy
 
from the time he began to cultivate crop plants: he
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certainly must have been concerned with plant improvement at
 
an early date. The value of resistance is recognized as one
 
of the most attractive and effective approaches to increase
 
productivity and combat plant diseases. Resistance requires
 
no action by growers during the season, is low cost, very
 
sound environmentally, and is generally compatible with
 
other disease management tactics (Agrios, 1988; Fry, 1982;
 
Nelson, 1973). Resistance reduces or eliminates two types of
 
economic losses: direct reduction of yields and costs of
 
control. Another way of viewing the economic value of
 
disease resistance was elucidated succinctly by Stakman and
 
Harrar (1957), when they stated that, "were the potatoes
 
resistant to the principal pathogens that attack them in
 
certain areas of the northern United States, the cost of
 
production could be reduced by at least $50 an acre".
 
Similarly, Reitz (1954) discussed the value of breeding for
 
disease resistance in the United States and estimated that,
 
"the increased income from wheat alone at $2 per bushel
 
would return four-fold the annual cost of all tax-supported
 
agricultural research".
 
Resistance deployment strategies
 
The increase in crop fitness resulting from
 
introduction of genes for resistance is often negated by the
 
evolution of races that can infect previously resistant
 
cultivars. It is inevitable that new races of plant
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pathogens will continue to appear from time to time, and
 
they will do so irrespective of the relative resistance or
 
susceptibility to currently grown cultivars (Nelson, 1973).
 
However, sometimes the problem is not new races, but
 
selection for pre-existing ones due to monoculture (Mundt,
 
personal communication). The best use of resistance genes
 
would negate the consequences of newly appearing races by
 
curbing their increased frequency among existing genotypes
 
of pathogens. Knowledge of the way in which genes for
 
resistance to pests and pathogens are present in natural
 
populations may provide guidance for their efficient
 
exploitation in agriculture (Browning, 1974). There are
 
several possible strategies by which resistance gene(s) can
 
be deployed in space and time as a potential means of
 
curbing rapid selection of compatible pathogen isolates.
 
Single gene at a time, the strategy most commonly used,
 
but declining in popularity, is to release cultivars with
 
single race-specific resistance genes (Mundt, 1994a).
 
Monoculture of cultivars with a narrow genetic base over
 
large areas has proved to be ephemeral due to selection for
 
virulent races, and to be responsible for many devastating
 
epidemics (Agrios, 1988; Browning & Frey, 1969, 1981; Mundt
 
& Browning, 1985; Vanderplank, 1963, 1968).
 
Gene deployment restricts spread of pathogenic races by
 
utilizing different genes for resistance in a patchwork
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fashion over a sizable area. Inter-field diversity has been
 
used for the control of small grain diseases in the United
 
Kingdom (Priestly, 1981) and geographical deployment to
 
reduce severe disease losses from the wrath of new races has
 
been suggested for some diseases (Browning & Frey, 1969;
 
Knott, 1972; Reddy & Rao, 1979; Vanderplank, 1968). Nelson
 
(1973) considered gene deployment as a geographical
 
multiline. Vanderplank hypothesized that regional deployment
 
of stem rust resistance genes in North America has
 
stabilized the race structure of that pathogen. This system
 
is also operational in the oat-crown rust (caused by
 
Puccinia coronata avenae) pathosystem in North America
 
(Frey, et al., 1977).
 
Gene pyramiding is the accumulation of several
 
resistance genes into a single background to curb pathogen
 
population shifts. It is proposed that, for asexual
 
pathogens, the probability of mutating to virulence at
 
several loci is proportional to the multiplicative product
 
of mutations to virulence at the individual loci and, hence,
 
would cause the probability of multiple virulence to be very
 
low (Schafer & Roelfs, 1985). Furthermore, certain virulence
 
combinations, because of their deleterious effect on
 
pathogen fitness, may occur at lower frequencies than would
 
be expected based on their individual frequencies (Green &
 
Campbell, 1979; Vanderplank, 1975; Wolfe, 1973; Wolfe &
 
Barrett, 1977). Additionally, some host species may acquire
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a broad, horizontal type of resistance when several vertical
 
resistance genes are accumulated in a single background
 
(Nelson et al., 1970).
 
Mixtures avoid monoculture and are obtained by mixing
 
cultivars or by producing multiline cultivars that have
 
similar agronomic or utilitarian properties, but different
 
sources of resistance. Growing of mixtures has been proposed
 
as a strategy to prolong the useful life of resistance genes
 
and to develop disease management strategies that are cost
 
effective, socially and environmentally sound, better able
 
to reduce variation in yield, counteract risks from
 
epidemics, and exploit the range and counter the limitations
 
of environment (Browning & Frey, 1969, Frey et al., 1977;
 
Mundt, 1990, 1994; Mundt & Browning, 1985; Wolfe, 1985) by
 
increasing functional diversity (Schmidt, 1978). Jensen
 
(1952) was the first to formally introduce the concept of
 
multiline cultivars as mixtures of cultivars that are
 
phenotypically uniform, but differing in disease resistance.
 
Borlaug (1958) and Frey et al.  (1973), utilizing the
 
backcrossing approach, developed multiline cultivars of
 
wheat and oats, respectively, containing genes that differed
 
in race-specificity to rust (Puccinia spp.) pathogens.
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Synthesizing mixtures
 
There are differences in philosophy that relate to the
 
question of the optimal structure of mixtures in terms of
 
the number of component lines, their genetic relatedness,
 
and the sorts of resistance genes they carry, as is
 
discussed below.
 
Clean Crop Approach: This approach was advocated by
 
Borlaug and his coworkers and put in practice by the
 
Rockefeller Foundation program in Columbia, and more
 
recently by CIMMYT in some states of India, to control rusts
 
in wheat (Borlaug, 1958; Rajaram & Dubin, 1977; Rao et al.,
 
1981; Singh et al., 1981). In the clean crop approach, each
 
of the component lines is resistant to all prevalent races
 
and a line is replaced as soon as its resistance is broken.
 
This approach was criticized as being impractical to
 
maintain (Frey, 1982) and to cause an unnecessary wastage of
 
resistance genes (Frey, 1982; Frey et al., 1977; Marshall,
 
1977).
 
Dirty Crop Approach: This approach, as typified by the
 
Iowa program, has been advocated to control crown rust of
 
oats (Browning, et al., 1964; Browning & Frey, 1969; Frey et
 
al., 1973, 1977). With this approach, a multiline is
 
composed of a set of lines (usually backcrossed isolines),
 
and each component is resistant to some but not all
 
prevalent races. As opposed to the clean crop approach, such
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multilines will incur some disease, but would stabilize the
 
racial composition of the pathogen population and delay the
 
intra-crop build up of disease. Thus, the multiline would
 
exhibit the phenomenon of synthetic tolerance or population
 
resistance (Browning & Frey, 1969).
 
Simple cultivar mixtures: More recently, Martin Wolfe
 
and his colleagues at the Plant Breeding Institute have
 
advocated cultivar mixtures to control powdery mildew in
 
barley (Wolfe & Barrett, 1977, 1979; Wolfe, 1978, 1983,
 
1984, 1985; Wolfe et al., 1981). This approach is broadly
 
similar to the "dirty crop" approach of multilines, however,
 
mixtures would be comprised of a smaller number (two to
 
five) of currently available, commercial cultivars with some
 
resistance to the spectrum of pathogen strains to be
 
controlled. This approach, as with "dirty crop" multilines,
 
assumes that disease development in mixtures would be less
 
as compared to its component pure stands and that there
 
would be selection against unnecessary virulence to slow the
 
development of complex pathogen races. However, Wolfe's
 
group assumes that the strength of stabilization may not be
 
sufficient to maintain simple races of the pathogen. Rather,
 
cultivar mixtures provide time for breeders to develop new
 
cultivars. In sharp contrast to the 'dirty crop' approach,
 
cultivar mixtures aim to force the pathogen population into
 
a permanent disequilibrium.
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Advantages of cultivar mixtures
 
Even though there are differences in philosophy,
 
multilines and cultivar mixtures emphasize the naturalness
 
of using diversity and its promise for permanence. A useful
 
compromise between the needs for diversity and the demands
 
for agronomic uniformity is provided by cultivar mixtures.
 
There are several reasons why cultivar mixtures provide a
 
greater potential for practical application (Wolfe &
 
Barrett, 1979, 1980). Cultivar mixtures can be exploited to
 
provide a simple, inexpensive means of controlling important
 
air-borne pathogens (Wolfe & Barrett, 1979, 1980) and also
 
may buffer against other diseases that occur sporadically.
 
Cultivar mixtures can be instantly synthesized from
 
available, commercially grown cultivars and provide much
 
greater potential for assembling mixtures with resistance to
 
a range of diseases and abiotic stresses. Moreover, the
 
broad-based genetic diversity present in a cultivar mixture,
 
as opposed to multilines, can provide additional protection
 
against primary and secondary diseases, limit the rapid
 
evolution of pathogen races with multiple virulence, and
 
provide increased possibilities for yield synergism (Mundt,
 
1994b). For large-scale effectiveness, the direction of
 
selection must be altered continually to delay the spread of
 
complex pathogen races. Mixing appropriate cultivars
 
provides a simple means of achieving these ends, without
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creating difficulties in the legislation of cultivar
 
registration (Wolfe & Barrett, 1980).
 
Epidemiological effects of mixtures
 
Both multilines and cultivar mixtures affect the
 
interaction between host and pathogen populations both
 
epidemiologically and genetically. The epidemiological
 
effects of host mixtures are through reducing the initial
 
inoculum and apparent infection rate (Browning & Frey, 1969,
 
1981; Fried et al., 1979; Leonard, 1969a; Luthra & Rao,
 
1979a, b: Wolfe et al., 1981; Vanderplank, 1968). The
 
reduction in initial inoculum and apparent infection rate
 
seem to explain the quantitative epidemiological benefits of
 
growing mixtures. Mixtures, therefore, have characteristics
 
in common with both vertically and horizontally resistant
 
pure line cultivars (Browning & Frey, 1969).
 
Mechanisms of disease control in mixtures
 
The mechanisms of disease control in mixtures have been
 
enumerated by several authors (Browning & Frey, 1969;
 
Burdon, 1978; Burdon & Chilvers, 1982; Mundt & Browning,
 
1985; Wolfe, 1978). The mechanisms include providing a
 
physical barrier to the dispersal of spores among plants of
 
different genotype, dilution of compatible races via
 
increasing the distance between plants of the same genotype,
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induced resistance (Chin & Wolfe, 1984; Chin et al., 1984),
 
and selection of the more resistant cultivars in mixtures
 
(Finckh & Mundt, 1992a, b). In addition, competitive
 
inhibition among virulent races may also retard epidemic
 
development in mixed stands (Leonard, 1969a). The relative
 
importance of these mechanisms are probably unique for each
 
mixture and phenological stage of the crop. In studies with
 
barley cultivar mixtures, Chin & Wolfe (1984) estimated
 
that, early in the season, reduction of disease was due
 
mainly to reduced density of compatible plants, while later
 
in the season, the contributions of the barrier effect and
 
induced resistance were significant. Johnson & Allen (1975),
 
however, suggested induced resistance as a major mechanism
 
of mixture action.
 
Pathogen evolution in mixtures
 
Even though multiline cultivars have had significant
 
commercial success (Browning & Frey, 1981; Mundt & Browning,
 
1985), the multiline method has been criticized as being
 
agronomically conservative, requiring considerable resources
 
(Caldwell, 1966), and as a breeding ground for complex races
 
(Caldwell, 1966; Simmonds, 1962; Vanderplank, 1960), or even
 
a super race (Caldwell, 1966). Results from many field
 
studies indicated that growing mixtures would not cause
 
rapid selection for complex races (Borlaug, 1958; Mundt,
 
1990; Mundt & Browning, 1985). A multiline cultivar is a
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step toward the diversity of nature (Browning et al., 1962),
 
in which super races have not been observed to predominate.
 
In field experiments with stripe rust, Dileone & Mundt
 
(1994) found that selection for and against the complex
 
races depended upon genetic background of the races,
 
interactions with the physical environment, and interactions
 
with other races in the population.
 
Mixtures and disease control
 
Many epidemiological studies have been done
 
demonstrating the reduction of disease severities below the
 
mean of their component pure stands (Alexander, et al.,
 
1986; Brophy & Mundt, 1991; Browning, 1957; Burdon &
 
Chilvers, 1982; Burdon & Whitbread, 1979; Chin & Wolfe,
 
1984; Finckh & Mundt, 1992a, b; Frey et al., 1977; Koizumi &
 
Kato, 1987; Leonard, 1969a, b; Luthra & Rao, 1979b; Mundt,
 
1994b; Mundt, et al., 1994, 1995; Suneson, 1954, 1960;
 
Wolfe, 1978, 1985; Wolfe & Barrett, 1979; 1980; Wolfe, et
 
al., 1981). A mean leaf rust reduction of 32% in wheat
 
cultivar mixtures relative to mean of the pure stands were
 
reported by Mahmood et al.  (1991). Disease reduction of more
 
than 50% below the mean of the pure stands has been reported
 
for some polycyclic foliar pathogens (Brophy & Mundt, 1991;
 
Finckh & Mundt, 1992a, b; Mundt et al., 1994, 1995; Wolfe &
 
Barrett, 1980).
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Leonard (1969a) developed a theoretical model
 
demonstrating the rate of disease increase on a susceptible
 
cultivar in a mixture of resistant and susceptible
 
cultivars. The rate of disease increase is proportional to
 
the logarithm of the proportions of susceptible plants in
 
the mixture of resistant and susceptible cultivars. This
 
relationship was shown to fit empirical data obtained from
 
field plot experiments for stem rust in mixtures of
 
resistant and susceptible oat cultivars. This logarithmic
 
relationship between rate of disease increase and proportion
 
of susceptible plants in mixtures has been confirmed for
 
other polycyclic, foliar diseases of small grains (Burdon &
 
Chilvers, 1977; Koizumi & Kato, 1987; Luthra & Rao, 1979a,
 
b). However, a linear relationship between disease increase
 
and proportion of susceptible plants was reported by Burdon
 
& Whitbread (1979) with powdery mildew of barley.
 
Effects of disease on plant competition in mixtures
 
Disease can influence plant-plant interactions in
 
intraspecific and interspecific mixtures (Alexander et al.,
 
1986; Burdon et al., 1984; Finckh & Mundt, 1992a, b). Burdon
 
et al.(1984) found that Puccinia chondrilla reversed the
 
competitive abilities of Chondrilla juncea when grown in
 
mixture, with the susceptible cultivar being the stronger
 
competitor in the absence of disease and the resistant one
 
being the stronger competitor in the presence of rust.
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Finckh & Mundt (1992a, b), working with stripe rust
 
(Puccinia striiformis), found that wheat (Triticum aestivum)
 
cultivars differed significantly in competitive ability in
 
the mixtures, and that the presence of disease influenced
 
these differences by selecting for increased tillering of
 
resistant or susceptible cultivars. Alexander et al.  (1986),
 
however, did not find any evidence that Puccinia graminis
 
tritici altered the relative competitive abilities of two
 
wheat cultivars in mixture. Chilvers & Brittain (1972),
 
using a simple mathematical model, predicted that host-

specific pathogen attack may alter competitive relationships
 
between different co-occurring plant genotypes, such that a
 
long-term balance may result.
 
Mixtures and yield
 
Mixtures with genetic variation relevant to expected
 
environmental variation may be expected to yield more than
 
their component pure stand means. Such yield advantages are
 
observed regularly where mixtures have been designed for and
 
have achieved restricted disease increase (Brophy & Mundt,
 
1991; Jensen, 1952, 1965; Finckh & Mundt, 1992a, b; Mahmood
 
et al., 1991; Mundt, 1994a, b; Mundt et al., 1994, 1995;
 
Ralph, 1987; Wolfe & Barrett, 1980). With mixtures, yield
 
will be more stable if disease does not occur and more
 
stable and higher if disease does occur when compared with a
 
single cultivar (Wolfe & Barrett, 1980). In a study of wheat
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cultivar mixtures under the influence of eyespot (caused by
 
Pseudocercosporella herpotrichoides) and stripe rust, Mundt
 
et al.  (1995) reported improved stability of mixtures
 
relative to pure stands. Clay & Allard (1969), however,
 
found that barley mixtures were somewhat less stable than
 
the pure stands. Gates et al.  (1986), with computer
 
simulations, showed that stability is not an inevitable
 
consequence of differential interactions. Rather, the
 
outcome depends greatly upon the growth and relative
 
competitive abilities of the plant species and on the
 
transmission efficiency of the pathogen and its effect on
 
individual host plants. Klages (1936), in a study with two-

component mixtures of different wheat cultivars, found that
 
yields of mixtures were almost always lower than expected. A
 
positive relation between yield and competitive ability was
 
found by Harlan & Martini (1938) in a mixture of 11 barley
 
varieties grown for a number of years in 10 different
 
locations. Similar results were also found by others
 
(Blinjenburg & Sneep, 1975; Khalifa & Qualset, 1974;
 
Suneson, 1956, 1969). On the other hand, several researchers
 
have found no relationship between these two characters
 
(Finckh & Mundt, 1992a; Sakai, 1955; Suneson & Wiebe, 1942).
 
Competition between different plant genotypes plays an
 
important role in cultivar mixtures. Changes within
 
populations may be characterized by the kind of competition
 
that may occur. Schutz et al.  (1968) recognized four classes
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of competition: overcompensatory, greater overall
 
performance of population than predicted from pure stand
 
performance of components; negative, lower performance than
 
expected; complementary, performance level equal to the
 
predicted due to gain in one or more components being offset
 
by losses of other components; and neutral, no competition
 
and population performance is equal to the level predicted
 
by the individual components. Shutz et al.  (1968) and Allard
 
& Adams 1968, 1969) studied theoretical models of
 
competition and have shown that, for a stable equilibrium to
 
occur, at least one pair of genotypes must show
 
overcompensation, whereas, the other forms of interaction
 
result in eventual elimination of one or more components due
 
to unequal competition.
 
What is ahead?
 
Cultivar mixtures planted on a large scale in
 
intensive, modern agricultural systems would be confronted
 
with a multiple array of pathogen races, each of which may
 
affect one or more host components. In many epidemiological
 
studies with mixtures, a single race was used and the ratio
 
of susceptible and resistant plants was altered (Alexander,
 
et al., 1986; Browning, 1957; Burdon & Chilvers, 1977;
 
Burdon, et al., 1984). In others, though more than one race
 
was used, the ratio of host genotypes was constant (Finckh &
 
Mundt, 1992a, b; McDonald et al., 1988; Wolfe & Barrett,
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1980). To evaluate the large-scale introduction of cultivar
 
mixtures in agricultural systems, a more realistic system
 
for study would be one where there are pathogen race(s)
 
specialized on each of the genotypes in the mixture, studied
 
over wide ranges of frequencies and diverse agroecological
 
environments.
 
Furthermore, in epidemiological studies, it is of
 
foremost importance to determine the interactive effects of
 
disease, yield, and yield components. Path coefficient
 
analysis (or structural equation analysis) is a very
 
important statistical tool that provides explanations of
 
observed correlations by constructing models of putative
 
cause-and-effect relationships among variables (Johnson &
 
Wichern, 1992), while recognizing the effect of
 
multicolinearity. A path coefficient is simply a
 
standardized partial regression coefficient and, as such,
 
measures the direct effect of one variable upon another and
 
permits separation of correlation coefficients into
 
components of direct and indirect effects (Bower et al.,
 
1990; Dewey & Lu, 1959; Hampton, 1975; Li, 1975; Van Bruggen
 
& Arneson, 1986; Williams et al., 1990). Path analysis has
 
often been used in population genetics (Li, 1975) and
 
agronomy (Adams, 1967; Chung & Goulden, 1971; Dewey & Lu,
 
1959; Duarte & Adams, 1972; Westermann & Crothers, 1977),
 
but only recently in plant pathology (Van Bruggen & Arneson,
 
1986; Bowers et al., 1990; Calvero, 1994; Hampton, 1975;
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Torres & Teng, 1993; Yang & Zeng, 1989). Yang & Zeng (1989)
 
used path analysis with wheat stripe rust, but found no
 
significant yield component compensation, as would be
 
suggested by the presence of negative correlations between
 
components. Moreover, the correlation coefficients between
 
area under disease progress curve, accumulated to each
 
growth stage, and each yield component increased gradually
 
with growth stage, thus providing no evidence of a critical
 
stage at which a yield component was most affected by
 
disease. In the case of mixtures, no attempt has yet been
 
made to determine the relative importance of disease on
 
yield and yield components, and to unravel opposing effects
 
between variables along different paths of influence, which
 
may obscure the importance of certain factors along these
 
paths.
 
Wheat (Triticum aestivum) cultivar mixtures and stripe
 
rust (caused by Puccinia striiformis) were selected as a
 
model system for testing the influence of disease on host
 
dynamics. Race/cultivar combinations were chosen to give
 
clear host-specific reactions. Due to its polycyclic nature,
 
stripe rust can increase rapidly in response to different
 
frequencies of cultivars within a single growing season. In
 
addition, the low temperature optimum of stripe rust (10­
15°C) results in epidemics that begin early in the life
 
cycle of wheat growth. Thus, stripe rust can impact all
 
yield components. Three two-component mixtures of club wheat
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cultivars were planted in replacement series at five
 
different proportions along with four pure stands over three
 
environments, both in the presence and absence of disease,
 
with the following objectives:
 
determine the influence of two-component club wheat
 
mixtures on stripe rust severity
 
determine the influence of stripe rust and cultivar
 
mixtures on grain yield and yield components
 
determine the relative importance of stripe rust and
 
yield components on yield, and
 
unravel the opposing effects between components along
 
different paths of influence.
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Abstract
 
Akanda, S. I., and Mundt, C. C. 1996. Effects of two-

component wheat cultivar mixtures on stripe rust severity.
 
Phytopathology 86:000-000.
 
Three two-component wheat (Triticum aestivum) cultivar
 
mixtures, along with their pure stands, were grown at five
 
ratios in three environments. Each cultivar was susceptible
 
to either one or two of the three Puccinia striiformis races
 
used for inoculation. Chaff color differences served as
 
markers to distinguish the cultivars in mixture so that
 
disease could be calculated on a per-cultivar basis. Stripe
 
rust severity increased with cultivar frequency in the
 
mixtures, with 16 of 18 mixture component x environment
 
combinations having significantly (P0.05) positive linear
 
slopes. One cultivar supported a significantly different
 
level of rust when mixed with different companion cultivars,
 
suggesting that plant-plant interactions affected
 
susceptibility of that cultivar to rust. In contrast to an
 
earlier study, shifts in mixture components during the
 
season from that planted had little influence on stripe rust
 
severity. Mixtures with equivalent proportions of cultivars
 
generally provided the highest level of disease control.
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Introduction
 
One strategy to prolong the useful life of resistance
 
genes and increase yield stability is to grow multilines or
 
cultivar mixtures (Browning & Frey, 1969; Mundt & Browning,
 
1985; Suneson, 1960; Wolfe, 1985). Jensen (1952) and Borlaug
 
(1953, 1958, 1965) proposed the cultivation of multiline
 
cultivars to decrease disease severity and delay or prevent
 
the build-up of new pathogen races. Several authors have
 
noted improved stability of cultivar mixtures compared with
 
their components in pure stands (Borlaug, 1953; Browning,
 
1957; Browning et al., 1962; Jensen, 1952, 1965; Pfahler,
 
1965; Simmonds, 1962; Singh & Bains, 1984). The mechanisms
 
by which multilines or cultivar mixtures reduce disease
 
severity have been discussed (Browning & Frey, 1969; Burdon,
 
1978; Leonard, 1969; Luthra & Rao, 1979; Mundt, 1990; Mundt
 
& Browning, 1985; Wolfe & Barrett, 1980) and include:
 
physical blockage of propagule transmission among plants of
 
different cultivars, dilution of compatible inoculum via
 
increasing the distance between plants of the same cultivar,
 
induced resistance (Chin & Wolfe, 1984; Chin et al., 1984),
 
selection of increased tillering for the more resistant
 
cultivars in a mixture (Finckh & Mundt, 1992a, b), and
 
competitive inhibition among virulent races (Leonard, 1969).
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Though multiline cultivars have had significant
 
commercial success (Browning & Frey, 1981; Mundt, 1994;
 
Mundt & Browning, 1985; Wolfe, 1985), the multiline approach
 
for controlling diseases has been criticized as laborious
 
and expensive (Caldwell, 1966). On the other hand, Browning
 
& Frey (1969) maintained that if multiline cultivars are
 
"agronomically conservative", they are "pathologically
 
progressive". Nevertheless, recent attention has focused on
 
the use of cultivar mixtures, without further breeding for
 
agronomic uniformity among mixture components. The
 
advantages of cultivar mixtures over multilines have been
 
described by several authors (Wolfe, 1985; Wolfe & Barrett,
 
1980; Wolfe et al., 1981). Diversity for disease resistance
 
can be attained immediately, utilizing agronomically
 
superior cultivars, provided that these cultivars differ in
 
their reactions to disease(s) and are sufficiently similar
 
to be grown within the same field. By extending the
 
potential for choice among all currently available
 
cultivars, there is much greater potential for assembling
 
mixtures with resistances to a range of diseases and abiotic
 
stresses. Moreover, diversity among cultivars within a
 
mixture may limit the evolution of pathogen races with
 
multiple virulence, and provide increased possibilities for
 
yield synergism due to differential resource utilization by
 
the component cultivars (Mundt, 1994).
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Reductions in disease severity in mixtures compared
 
with pure stands have often been demonstrated (Browning &
 
Frey, 1969; Mundt & Browning, 1985; Wolfe, 1985). In many
 
epidemiological studies with cultivar mixtures, a single
 
pathogen race was used (Alexander et al., 1986; Browning,
 
1957; Burdon & Chilvers, 1977; Burdon et al., 1984). A more
 
realistic system for study would be one where there are
 
pathogen race(s) specialized on each of the cultivars in the
 
mixture. In studies where more than one race was used, the
 
ratio of host cultivars was constant (Finckh & Mundt, 1992a,
 
b; McDonald et al., 1988; Wolfe & Barrett, 1980). Thus, we
 
conducted experiments to study the influence of
 
two-component club wheat (Triticum aestivum L.) cultivar
 
mixtures, planted at different ratios, on severity of stripe
 
rust (caused by Puccinia striiformis Westend). We utilized
 
mixture cultivars with morphological markers so that disease
 
severity could be determined on a population and on a
 
per-cultivar basis.
 
Materials and Methods
 
Field plot locations: Experimental plots were located at the
 
Columbia Basin Agricultural Research Center field stations
 
at Moro and Pendleton, Oregon, USA. Both sites represent
 
important wheat growing areas of the state. The Moro site is
 
characterized by shallow soil, and receives about 280 mm of
 
rainfall annually. Pendleton, about 200 km northeast
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of Moro, is a higher yielding site with deeper soils and an
 
annual average rainfall of about 490 mm. The experiments
 
were conducted during the 1991-92, 1992-93, and 1993-94
 
winter wheat seasons.
 
Cultivars: Four winter club wheat cultivars differing in
 
stripe rust resistance, height, and chaff color were used
 
(Table I1.1). The cultivar Faro is a morphologically
 
indistinguishable "contaminant" sibling of Faro, and carries
 
an additional allele for resistance against stripe rust. The
 
Faro sibling was purified and increased for use in this
 
experiment. All cultivars are or have been grown
 
commercially near the study areas, and are well-adapted
 
locally.
 
Table II.1. Plant height and chaff color of four club wheat
 
cultivars and their reactions to different stripe rust races
 
used in the field experiments.
 
Reaction to Puccinia
 
striiformisa
 
Cultivar  Height  Chaff
 
color  Race  27  Race 29  Race 41
 
Faro  medium  brown  R  S  R
 
Jacmar  short  brown  R  S  S
 
Tres  medium  white  R  R  S
 
Tyee  medium  white  S  R  R
 
a S  = susceptible and R = resistant.
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Experimental design and treatments: Our study was
 
superimposed upon experiments designed to determine the
 
change in frequency of cultivars in mixture in the presence
 
and absence of stripe rust, which will be reported in a
 
future paper. Experiments at both sites and over all three
 
years entailed a randomized complete block, split-plot
 
design with four replications. Main plots were the presence
 
or absence of stripe rust and the subplots were different
 
wheat populations. Each subplot was 6.1 m long and four rows
 
wide, with 0.36 m between rows. Subplots were separated in
 
the narrow dimension by a subplot of the common soft winter
 
wheat cultivar Stephens, which is immune to the stripe rust
 
races used for this study. Seeding rates of 253 and 158
 
seeds/m2 were used for Moro and Pendleton, respectively.
 
Fertilization, weed and insect control practices were those
 
typical of commercial wheat production at the two locations.
 
All experimental plots at Pendleton in both seasons were
 
sprayed with benomyl at 1.25 kg a.  ./ha (as Benlate, 50 WP)
 
once in early April to control eyespot (caused by
 
Pseudocercosporella herpotrichoides).
 
Populations grown in 1991-92 at each location included
 
pure stands of the four cultivars and three two-way mixtures
 
(Faro-Tyee, Faro-Tres and Jacmar-Tyee), each planted at
 
ratios of 10:90, 25:75, 50:50, 75:25 and 90:10. Additional
 
mixture treatments were included in these experiments, but
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were not analyzed intensively for stripe rust severity as
 
reported in this paper.
 
Treatments for the 1992-93 season were similar to those
 
of 1991-92, except that the mixture populations were derived
 
from combine-harvested seeds from the previous year.
 
Similarly, the treatments for 1993-94 were identical to
 
1992-93, except that mixture populations were carried over
 
in their third year of culture. Seeds from all four
 
replications were mixed before being packaged for replanting
 
in the next season.
 
Inoculation: Inoculation was done by transplanting
 
susceptible wheat seedlings infected with races CDL 27, CDL
 
29, and CDL 41 of Puccinia striiformis (race designations
 
are those of the USDA Cereal Diseases Laboratory, Washington
 
State University, Pullman, Washington). All three races had
 
been isolated locally. Each of the mixture components was
 
susceptible to one of these races, except for Jacmar, which
 
was susceptible to races 29 and 41.
 
Peat pots (6 cm) containing 2-3-wk-old,
 
greenhouse-grown seedlings of the cultivar Nugaines were
 
inoculated with about 0.001 mg per pot of fresh urediospores
 
(equal proportion mixture of all three races). The pots were
 
kept in a dew chamber for about 12 hours and then
 
transported to a protected outdoor location to acclimatize
 
them to field conditions.
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Two to three weeks after inoculation, just prior to
 
pustule eruption, plants from two pots were transplanted
 
into each of the subplots designated for inoculation.
 
Transplantings for the 1991-92 growing season were done on
 
18 and 19 March 1992 at Pendleton and Moro, respectively.
 
For the 1992-93 field season, transplantings were done on 9
 
and 10 November at Pendleton and Moro, respectively, and
 
again on 11 and 12 March. In the 1993-94 season, a single
 
inoculation was done on 1 and 4 March 1994 at Pendleton and
 
Moro, respectively.
 
Disease recording: Disease severity was assessed by
 
recording the percent of leaf area covered with stripe rust
 
lesions on the leaf below the flag leaf (F-1 leaf). An
 
exception was at Pendleton during the 1992-93 field season,
 
when disease was recorded on the F-2 leaf because of low
 
disease severities at the time of assessment. At Moro,
 
disease was always recorded during the last week of May,
 
while at Pendleton disease was assessed during the first
 
week of June. Plants were in the early dough stage at the
 
time of assessment. Disease was assessed in a miniplot of
 
approximately 120 tillers consisting of the two middle rows
 
half-way between the point of inoculation and the down wind
 
end within each of the inoculated subplots, except at
 
Pendleton during 1992-93, when plots were planted
 
perpendicular to the predominant wind. All head-bearing
 
tillers were assessed in each miniplot. Each of the tillers
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was given a numbered tag, matched numerically with the
 
corresponding disease score, so that disease severity could
 
later be assigned to each component cultivar when chaff
 
color markers were expressed.
 
Harvest: Tillers in the miniplots were hand-harvested with
 
sickles, bagged, transported to the laboratory, and
 
separated by cultivar based on chaff color. Tag numbers were
 
matched with the disease severity notes taken in the field
 
to calculate the disease severity of the individual
 
cultivars in the mixtures. Approximately 5-7% of the tags
 
were lost from each miniplot during harvesting and/or
 
transportation. In calculating the total disease severities
 
for the mixtures, disease severities were averaged over all
 
tillers, whereas in determining the disease severities for
 
the individual cultivars in the mixtures, the tillers with
 
lost tags were excluded.
 
Data analyses: Data were analyzed by analysis of variance
 
(ANOVA) using Proc GLM of the Statistical Analysis System
 
(SAS, 1988). ANOVA over environments indicated significant
 
(P s 0.001) interactions between treatments and
 
environments. Therefore, statistical analyses were done only
 
within environment. Rust severity data were tested for
 
equality of variances by variance * mean plots and for
 
normality by Shapiro and Wilk W-test (Anderson & Mclean,
 
1974). Variance * mean plots indicated homogenous variances
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for disease data. Therefore, analyses were done on the
 
untransformed disease severity data.
 
Reduction in stripe rust severity in each mixture
 
subplot was calculated relative to the means of their pure
 
stands, based on disease severity in the pure stands
 
averaged over four replications and weighted by the planted
 
frequency of the cultivars in the mixtures in that season.
 
This calculation gives the total disease reduction due to
 
mixing (Finckh & Mundt, 1992a, b). The planted seed
 
frequencies and the harvested tiller frequencies differed
 
because of differing tillering and competitive abilities of
 
the cultivars. If cultivars differ in their degree of
 
susceptibility, such shifts could influence disease severity
 
at the population level (Finckh & Mundt, 1992a, b).
 
Therefore, disease reductions were also calculated by
 
weighting the component cultivars by the respective
 
harvested tiller frequencies. Disease reductions or
 
increases relative to the mean of their pure stands weighted
 
by the harvested tiller frequencies of the cultivars in the
 
mixtures represent the effect of mixing on epidemic
 
development, and is designated as the "epidemiological
 
effect" (Finckh & Mundt, 1992a, b). The difference between
 
the total disease reduction and the epidemiological effect
 
is the "selection effect" (Finckh & Mundt, 1992a, b), i.e.,
 
the effect of changes in frequencies of cultivars on disease
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severity calculated at the population level (Finckh & Mundt,
 
1992a, b).
 
Disease severities of each cultivar in mixture were
 
regressed on the harvested tiller frequencies of the
 
respective cultivars to determine the effect of cultivar
 
proportion on disease severity. In doing so, mean disease
 
severity over all tillers in each subplot was regressed on
 
the harvested tiller frequency averaged over all four
 
replications of a treatment. The mean tiller frequency over
 
replications was used to provide a more accurate estimate of
 
mean cultivar frequency throughout the entire subplot. The
 
values of r's attained by the fitted models was calculated
 
following Draper & Smith (1981, p. 42).
 
Linear contrasts were used to determine significance of
 
differences between mixtures and the means of their
 
component pure stands, averaged over proportions. For each
 
environment, contrasts were done for individual mixtures,
 
all mixtures, all mixtures initially planted in 50:50
 
proportions, and all mixtures planted in frequencies other
 
than 50:50. Contrasts averaged over mixtures could be
 
biased, as all cultivars were not equally represented in the
 
mixtures. For example, Faro was a component of two of the
 
mixtures, whereas Tres was used in only one mixture. In
 
these cases, disease severities for the pure stands were
 
adjusted by taking into account the number of times the
 
cultivar was represented in the mixtures.
 46 
Results
 
Due to severe drought during the 1991-92 season,
 
disease development was very poor at both Moro and
 
Pendleton. Disease severities in the pure stands at Moro
 
ranged from 2.0 to 12.7%, and from 1.1 to 7.5% at Pendleton.
 
Thus, disease data for 1991-92 were not included in the
 
analyses. Moreover, during the 1993-94 field season, plant
 
density at Moro was very sparse, and the experiment was
 
ultimately abandoned.
 
Disease severity averaged over cultivars and ranking of
 
disease severity among the pure stands differed in the three
 
environments, though differences among cultivars were not
 
always significant (Table 11.2).
 
Disease severity of individual cultivars in the
 
mixtures was frequency-dependent (Fig.II.1-3). Linear
 
regressions of stripe rust severity on cultivar proportion
 
were significant for 16 of 18 mixture component X
 
environment combinations. Linear regression provided a
 
better fit to our data than a logarithmic model, as
 
evidenced by higher coefficients of determination and more
 
random residual patterns (data not shown). The
 
frequency-dependence of disease, as indicated by slopes of
 
the regressions, also depended on the environment and
 
companion cultivars in the mixtures.
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Table 11.2. Stripe rust severity in pure stands of wheat
 
cultivars in three environments'.
 
Cuitivar  Environment 
Moro/93  Pendleton/93  Pendleton/94 
Faro  48.8b  25.9a  27.8b 
Jacmar  48.2b  43.2a  94.6a 
Tres  55.6ab  32.1a  38.3b 
Tyee  63.7a  24.8a  37.0b 
Mean  54.1  31.5  49.4 
a Means followed by the same letter within a column are not
 
significantly different at P = 0.05 (LSD).
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Fig. 11.1. Regression of stripe rust severity on
 
harvested tiller frequency for wheat cultivars grown in
 
mixtures and pure stands at Moro in 1993.
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Fig. 11.2. Regression of stripe rust severity on
 
harvested tiller frequency for wheat cultivars grown in
 
mixtures and pure stands at Pendleton in 1993.
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Fig. 11.3. Regression of stripe rust severity on
 
harvested tiller frequency for wheat cultivars grown in
 
mixtures and pure stands at Pendleton in 1994.
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The "50:50" mixtures reduced stripe rust by an average
 
of 40% across environments, compared to 17% for mixtures
 
averaged over all proportions and environments (Table 11.3).
 
The disease severities for the equiproportional mixtures
 
were reduced significantly compared to the corresponding
 
pure stand means for all three environments (P 50.05, linear
 
contrast). Moreover, disease severities in mixtures with
 
initially equal proportions were always lower than the other
 
mixtures (all mixtures excluding the "50:50" proportions).
 
This difference was significant (P50.05, linear contrasts)
 
at Pendleton in both years, but not in Moro.
 
The amount of disease control obtained by mixing varied
 
considerably among the three environments (Table 11.3).
 
There was also considerable variation in disease control
 
among the mixtures. The Faro-Tyee mixtures always provided
 
higher levels of disease control than the other mixtures,
 
irrespective of the environment. Jacmar-Tyee ranked second
 
with respect to disease reductions, except for Pendleton
 
during 1993 where disease was higher in the Jacmar-Tyee
 
mixtures, though not significantly. At Pendleton in both
 
seasons, Tyee had significantly lower disease, averaged over
 
all mixture proportions, when grown with Faro than when
 
grown with Jacmar (P=0.05, linear contrast). A similar trend
 
occurred at Moro, but this difference was not significant.
 
Stripe rust severities on the component cultivars within the
 
mixtures also differed substantially, though not always
 Table 11.3. Stripe rust severity in mixtures of wheat cultivars on a population and per­
cultivar basis, and percent reduction of stripe rust relative to their component pure
 
stands in field experiments in three environments'.
 
Mixture Components  Stripe rust severity  ( %)b  Disease reduction (%) 
Cultivarl Cultivar2 Cultivarl Cultivar2 Totalc  Cultivarl Cultivar2 Totald  Epid.e  Sel.f 
Moro/93 
Faro  Tyee  27.2***  32.4***  34.4***  44.2  49.1  37.6  36.6  0.96 
Faro  Tres  31.7***  43.8g  43.4*  35.0  21.2  17.0  16.7  0.32 
Jacmar  Tyee  32.7**  36.5***  41.4***  32.2  42.7  24.2  23.4  0.77 
Mixture  (all)h  39.7 * **  26.2  25.6  0.68 
'50:50'  mix.h'i  35.4***  34.2  33.7  0.50 
Pendleton/93 
Faro  Tyee  13.2*  21.9'  22.2  49.0  11.8  12.4  12.5  -0.08 
Faro  Tres  10.8**  29.4  26.4  58.3  8.4  9.0  10.7  -1.63 
Jacmar  Tyee  30.7*  31.4  40.4  29.0  -26.5  -22.1  -24.2  2.05 
Mixture  (all)  29.7  -0.1  -0.2  0.07 
'50:50'  mix.  19.5*  35.1  35.9  -0.81 
Pendleton/94 
Faro  Tyee  13.3**  19.7  19.8*  52.1  46.8  31.4  38.2  1.20 
Faro  Tres  15.1 **  32.5  29.3  45.6  15.0  14.1  13.0  1.15 
Jacmar  Tyee  47.2***  31.4  47.0***  50.1  15.2  23.3  22.9  0.36 
Mixture  (all)  32.0***  25.6  24.7  0.90 
'50:50'  mix.  21.1***  51.6  49.7  1.98 Table 11.3 (continued)
 
a Environments were Moro and Pendleton, Oregon, 1993 and Pendleton, 1994.
 
b Percent leaf area covered by stripe rust on the leaf below the flag leaf (F-1 leaf) for

Moro 1993 and Pendleton 1994, and F-2 leaf for Pendleton 1993.
 
c Mean stripe rust severity for all tillers (both cultivars).
 
Mean stripe rust severity in mixture
 
d Total disease reduction  = 1
  x 100
 
Pure stand mean weighted by planted frequency
 
e Epidemiological effect is the percent reduction in disease severity below the pure stand

mean weighted by the harvested tiller frequency (Finckh, et al. 1992a).
 
f Selection effect is the percent change in disease severity due to changes in frequencies
 
of the component genotypes in mixture from planting to harvest (Finckh, et al. 1992a).
 
g The component genotype means averaged over all planted frequencies differ significantly
 
at P s 0.05 (linear contrasts) when shown in italics.
 
h For comparing the means of all mixtures or "50:50" mixtures with overall mean of the
 
pure stands, pure stand means were adjusted to account for the number of times they were
 
included in mixtures (see text for details).
 
i Data were pooled from the treatments initially planted at "50:50"  proportions in fall,

1991.
 
k Means for the same component cultivar within different mixtures are significantly

different at P s 0.05 (linear contrasts) when shown in bold.
 
* ,  **, and ***, treatment means for the component cultivars or the total mixture  are
 
significantly different from their respective pure stand(s) at P  s 0.1, P s 0.05 and P 5
 
0.01, respectively (linear contrasts).
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significantly (Table 11.3). Overall disease reductions were
 
due mostly to epidemiological effects, and the contributions
 
of selection effects were negligible (Table 11.3).
 
Discussion
 
The optimum proportion of mixture components for
 
disease control and yield has often been discussed.
 
Proportions of resistance as high as 75% (Suneson, 1960) and
 
87-94% (Borlaug, 1958) have been suggested for a multiline
 
to control stem rust (P. graminis tritici) in wheat. For
 
stem rust of oats (Avena sativa), Jensen & Kent (1963)
 
suggested 60% resistance, whereas Luthra & Rao (1979)
 
observed that a multiline of wheat would not suffer
 
appreciable loss from leaf rust (caused by P. recondita)
 
even if it contained as many as 50% susceptible plants.
 
Leonard (1969) suggested that, when 35 to 40% of plants are
 
susceptible to all races of the pathogen, simple races will
 
be maintained and the race structure will stabilize.
 
Browning & Frey (1969) suggested that a multiline with
 
35-40% susceptible plants might be sufficient to control oat
 
stem rust. Browning (1974) indicated that in indigenous
 
ecosystems, only 30% resistance to a given crown rust (P.
 
coronata var. avenae) race, when backstopped by general
 
resistance, is sufficient to protect a population. This 30%
 
figure was also confirmed with studies of oat crown rust in
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agricultural systems (Browning, 1980). In our experiments,
 
where both component cultivars in the mixtures had their own
 
pathogen race(s), the mixtures with equal proportions seemed
 
to be optimum in reducing disease severities. Disease
 
reductions provided by the mixtures in our experiments are
 
in general agreement with studies of air-borne pathogens
 
(Brophy & Mundt, 1991; Finckh & Mundt, 1992a, b; Mundt,
 
1994; Wolfe & Barrett, 1980). Equiproportional cultivar
 
mixtures have been shown to provide reductions of more than
 
50% in the severity of barley (Hordeum vulgare) powdery
 
mildew (caused by Erysiphe graminis) in the UK (Wolfe &
 
Barrett, 1980) and of wheat stripe rust (caused by P.
 
striiformis) in Oregon, USA (Brophy & Mundt, 1991; Finckh &
 
Mundt, 1992a, b; Mundt, 1994).
 
Disease severity on the individual cultivars in the
 
mixtures decreased linearly with cultivar frequency. In
 
contrast, other studies have indicated a logarithmic
 
relationship between rate of disease increase and proportion
 
of the susceptible cultivar in mixture (Burdon & Chilvers,
 
1977; Leonard, 1969). Similarly, MacKenzie (1979) theorized
 
that a diminishing return to disease control would be
 
obtained by adding resistance genes to a host mixture.
 
However, a linear relationship between infection rate and
 
proportion of susceptible plants was reported by Burdon and
 
Whitbread (1979).
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The three mixtures studied differed in their ability to
 
control stripe rust. It has previously been shown that not
 
all mixtures are equivalent in yielding ability and/or
 
disease reduction (Finckh & Mundt, 1992a, b; Knott & Mundt,
 
1990; Trenbath, 1974; Wolfe, 1985), and mixtures  may perform
 
equal to, better, or worse than the means of their component
 
pure stands (Baker & Briggs, 1984; Finckh & Mundt, 1992a, b;
 
Khalifa & Qualset, 1974; Knott & Mundt, 1990; Trenbath,
 
1974). Thus, both percentage composition and specific
 
component combinations are important considerations in
 
constructing useful mixtures.
 
The individual cultivars also differed in reducing
 
disease severity, as previously reported by Finckh & Mundt
 
(1992a, b). Mixing always reduced rust on Faro and Jacmar,
 
but did not always significantly reduce rust on Tres and
 
Tyee. Thus, cultivars either differ inherently in their
 
frequency-dependent response to disease, or interactions
 
between cultivars in mixture alter their susceptibility to
 
stripe rust.
 
Epidemiological effects played the most significant
 
role in reducing disease in the mixtures, with very
 
negligible selection effects. In contrast, Finckh & Mundt
 
(1992a, b) found a highly significant role of cultivar
 
shifts on stripe rust severity in experiments incorporating
 
many of the same cultivars reported in this study. In their
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studies, mixtures often contained components that were
 
resistant to all rust races used to inoculate the plots, and
 
most of the selection effects reduced disease severity.
 
However, they did report an occasional negative selection
 
effect, suggesting that selection was for increased tiller
 
number of the more susceptible component of a mixture.
 
Our results likely underestimate the stripe rust
 
control provided by cultivar mixtures in commercial
 
production (Mundt, 1994) for at least two reasons. First,
 
experiments with cultivar mixtures are very sensitive to
 
inter-plot interference (Mundt, 1994; Wolfe, 1985). Though
 
we separated subplots by an equal area of a completely
 
resistant cultivar, this precaution may have been
 
insufficient to prevent significant exchange of spores among
 
the subplots. Moreover, in order to guarantee that epidemics
 
began simultaneously in all subplots, we were forced to use
 
an unnaturally high amount of initial inoculum. Shaner &
 
Powelson (1971) reported that one infected leaf per acre
 
(0.47 ha) in mid-February would provide sufficient inoculum
 
for an epidemic, given favorable weather. A high level of
 
initial infection will decrease the number of pathogen
 
generations and increase the rate to approach of the host's
 
carrying capacity for disease; both of these factors reduce
 
the efficacy of mixtures for disease control (Mundt, 1990).
 
Due to differences in competitive abilities of the
 
component cultivars in mixtures, one cultivar may eventually
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dominate the mixture, thus reducing mixture effectiveness.
 
In some studies with mixtures, considerable drift in mixture
 
composition was reported (Alexander et al., 1986, Khalifa &
 
Qualset, 1974). Finckh & Mundt (1993), however, found
 
evidence for equilibria among adapted wheat cultivars with
 
similar yield. MacKenzie (1979) suggested that component
 
cultivars should be remixed every season, similarly, Wolfe
 
(1985) suggested that, for maximum effectiveness, the
 
mixtures should be reconstituted every 2-3 years. In our
 
studies, compositional shifts were rather small (Figs. II.1­
3), suggesting that mixtures could safely be replanted for
 
3-4 years without remixing. In fact, this is a common
 
commercial practice in Oregon (Mundt, 1994).
 
With mixtures of differentially susceptible cultivars,
 
disease was directly proportional to cultivar frequencies
 
for both components. Thus, decreasing disease on one
 
component by decreasing its frequency will increase disease
 
severity on the other component of the mixture, and
 
equiproportional mixtures appeared to be superior with
 
respect to disease reduction. Thus, in this system, more
 
progress could be made by increasing the number of cultivars
 
to reduce the proportion of plants susceptible to a given
 
race than by searching for optimum proportions of components
 
in a mixture. Disease reductions in our studies were due
 
mostly to epidemiological effects. It is also evident that
 
some mixtures performed better than others, and some mixture
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components were influenced by companion cultivar. Thus, in
 
addition to knowledge of resistance and virulence
 
characteristics of a pathosystem, empirical testing is also
 
essential.
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Abstract
 
Four winter wheat (Triticum aestivum) cultivars and
 
three two-component cultivar mixtures  were planted in a
 
replacement series both inoculated with or protected from
 
stripe rust (Puccinia striiformis) in three environments.
 
Each cultivar was susceptible to one or two of the rust
 
races used. Mixtures yielded, on average, 7 and 4% more than
 
their component pure stand means under inoculated and rust-

free conditions, respectively. Though all yield components
 
were affected by stripe rust, seed weight was the component
 
that was most consistently affected. The component cultivars
 
within the mixtures varied considerably with respect to
 
yield. The yield of the same component cultivar included in
 
different mixtures sometimes differed significantly. Yield
 
advantages due to mixing were higher for equal proportions
 
of cultivars than for unequal proportions under both
 
diseased and non-diseased conditions. There was no
 
relationship between yield or competitive abilities of the
 
cultivars in pure stands with their yields and competitive
 
abilities in the mixtures. Disease did not change the
 
competitive ranking of cultivars in mixture. Mixtures with
 
complementary, negative, and overcompensatory interactions
 
were identified. On average, mixtures showed no greater
 
yield stability than did pure stands.
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Introduction
 
Continuous and extensive monoculture of a genetically
 
uniform crop provides a pathogen not only with a substrate
 
in both area and time (Fry, 1982), but also results in rapid
 
selection for virulent races of the pathogen (Browning &
 
Frey, 1969; Frey, et al. 1973; Mundt, 1994a; Vanderplank,
 
1968). A common strategy, but one that is declining in
 
popularity, is to release cultivars with single, race-

specific resistance genes (Mundt, 1994a), which have proved
 
to be short-lived in many host-pathogen systems (Browning &
 
Frey, 1969; Mundt & Browning, 1985). For example, the
 
average useful life of race-specific resistance to the stem
 
(Puccinia graminis), leaf (P. recondita) and stripe (P.
 
striiformis) rusts of wheat was estimated to be about five
 
years on a global basis (Kilpatrick, 1975). Most of the club
 
wheat cultivars in Oregon, USA, currently maintain effective
 
resistance against stripe rust for only 2-3 years in
 
commercial production (Mundt, 1994b).
 
Because of the rapidity with which cultivars have
 
succumbed to virulent pathogen races, strategies that might
 
extend the useful life of cultivars, reduce the risk of
 
disease epidemics, and stabilize yield have been sought. One
 
of these strategies is the use of multilines or cultivar
 
mixtures (Browning & Frey, 1969; Frey et al., 1977; Mundt,
 
1994a; Mundt & Browning, 1985; Wolfe, 1985; Wolfe & Barrett,
 
1980). The use of multilines or cultivar mixtures to promote
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"functional diversity" (Schmidt, 1978) was first formally 
promoted by Jensen (1952) for oats (Avena sativa). Later, 
Borlaug (1959) and Frey et al.  (1973), utilizing a
 
backcrossing approach, developed multiline cultivars for
 
wheat and oats, respectively, that contained different race-

specific genes for resistance to rust (Puccinia spp.)
 
pathogens.
 
Multiline cultivars have had significant commercial
 
success (Browning & Frey, 1969; Mundt & Browning, 1985,
 
Mundt, 1994b) but, recently, more attention has been focused
 
on cultivar mixtures. Cultivar mixtures are more easily
 
deployed than multilines because they can be compounded
 
immediately from existing, agronomically superior cultivars
 
and require no additional breeding. Moreover, the genetic
 
diversity present among cultivars in a mixture, as opposed
 
to back-crossed lines, can provide additional protection
 
against primary and secondary diseases, limit the rapid
 
evolution of pathogen races with multiple virulence, and
 
provide increased possibilities for yield synergism due to
 
differential resource utilization by the component cultivars
 
(Mundt, 1994b). Cultivar mixtures may reduce disease
 
severity by presenting genetic barriers to inoculum
 
dispersal, by inoculum dilution of compatible pathogen races
 
because of increased distance between plants of the same
 
genotype, by induced resistance (Chin & Wolfe, 1984; Chin et
 
al., 1984), or by selection for increased tillers of the
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more resistant cultivar(s) in the mixture (Finckh & Mundt,
 
1992a,b).
 
Many epidemiological studies with cultivar mixtures
 
have demonstrated reductions in disease severity below the
 
means of their component cultivars (Alexander et al., 1986;
 
Brophy & Mundt, 1991; Browning, 1957; Chin & wolfe, 1984;
 
Finckh & Mundt, 1992a,b; Leonard, 1969; Mahmood et al.,
 
1991; McDonald et al., 1988; Mundt, 1994b; Wolfe & Barrett,
 
1980) and increases in yield (Brophy & Mundt, 1991; Jensen,
 
1952, 1965; Finckh & Mundt, 1992a,b; Mahmood et al., 1991;
 
Mundt, 1994b; Mundt et al. 1994). Mixtures may also increase
 
yield in the absence of disease and contribute to yield
 
stability (Wolfe & Barrett, 1980; Mundt, 1994b). However,
 
Klages (1936), in an experiment with two-component mixtures
 
of different wheat cultivars, found that yields of mixtures
 
were almost always lower than expected. Thus, both disease
 
and plant-plant interactions may play important roles in
 
determining the yield of mixtures. Even without improved
 
performance of a mixture, an advantage of minimizing
 
cultivar-environment interaction through the use of
 
heterogenous populations has been suggested (Jensen, 1952;
 
Allard, 1961).
 
Mixtures can be challenged by a variety of pathogen
 
races, each of which may affect one or more host components.
 
In many epidemiological studies, a single pathogen race was
 
used and the ratio of susceptible to resistant plants was
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altered (Alexander et al., 1986; Browning, 1957; Burdon &
 
Chilvers, 1977, Burdon et al. 1984). In others, more than
 
one race was present but the ratio of host cultivars was
 
constant (Finckh & Mundt, 1992a,b; McDonald et al., 1988;
 
Wolfe & Barrett, 1980).
 
To evaluate the large-scale use of cultivar mixtures in
 
agriculture, a more realistic experimental system would be
 
one where each of the component host cultivars would have
 
their own pathogen race(s), and be studied over wide ranges
 
of cultivar proportions and in different agroecological
 
environments. Therefore, we conducted experiments to study
 
the effect of stripe rust (Puccinia striiformis) Westend.
 
and two-component club wheat (Triticum aestivum L.) cultivar
 
mixtures on grain yield and yield components. The mixtures
 
contained morphological markers that facilitated the
 
determination of disease and yield on both a population and
 
on a per-cultivar basis.
 
Materials and Methods
 
Field procedures
 
Our experiments were superimposed upon studies
 
conducted to determine changes in frequencies of wheat
 
cultivars in mixtures over years, which will be reported in
 
a future paper. Host cultivars included four commercially
 
grown club wheat cultivars differing in stripe rust
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resistance, height, and chaff color (Table II1.1). The
 
cultivar Faro is a morphologically indistinguishable
 
"contaminant" sibling of the cultivar Faro, and carries  an
 
additional allele for resistance against stripe rust. This
 
sibling was purified and increased for use in this
 
experiment. Experiments were conducted during the 1991-92,
 
1992-93, and 1993-94 winter wheat seasons at Pendleton,
 
located in northeastern Oregon, and at Moro, in northcentral
 
Oregon, USA. Pendleton and Moro receive approximately 450
 
and 300 mm annual rainfall, respectively. Both locations
 
represent commercial wheat production sites of the state.
 
Due to severe drought, disease development was very poor and
 
stands were variable at both experimental sites during the
 
1991-92 growing season. Thus, disease severity and yield
 
were not analysed for that year. Furthermore, wheat stands
 
were very sparse at Moro during the 1993-94 growing season,
 
and the experiment at this site was ultimately abandoned.
 
Table 111.1. Characteristics of club wheat cultivars used in
 
the field experiments.
 
Reaction to P. striiformisa
 
Cultivar  Height  Chaff
 
color  Race 27  Race 29  Race 41
 
Faro  medium  brown  R  S  R
 
Jacmar  short  brown  R  S  S
 
Tres  medium  white  R  R  S
 
Tyee  medium  white  S  R  R
 
a S = susceptible and R = resistant.
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The experimental design at each location and all three
 
years was a split-plot, randomized complete block with four
 
replications. Main plots were either inoculated with or
 
protected from stripe rust by two or three applications of
 
triadimefon (as Bayleton) at 284 g a.i./ha. This fungicide
 
treatment has been shown to have little or no effect on
 
wheat yield in the absence of disease (Mundt et al., 1995).
 
Subplots within each main plot included four pure stands and
 
three two-component mixtures (Faro-Tyee, Faro-Tres and
 
Jacmar-Tyee) in which each of the two cultivars were
 
initially planted in frequencies of 0.90, 0.75, 0.50, 0.25
 
and 0.10. The treatment combinations were similar in all
 
three years, except that the cultivar frequencies in mixture
 
were allowed to evolve over years. In the 1992-93 growing
 
season, the mixture populations were derived from the
 
combine-harvested seeds of the 1991-92 season, and the
 
combine-harvested seeds of the 1992-93 season were in turn
 
planted for the 1993-94 season. Additional mixture
 
treatments were also included in these studies, but not
 
intensively analysed for disease severity and yield as
 
presented in this paper.
 
Treatments were planted to subplots 6.1 m long with
 
four rows spaced 36 cm. Seeding rates were 253 and 158
 
seeds/m2 at Pendleton and Moro, respectively. Fertilizers
 
and weed control practices were applied per normal local
 
production practices. All experimental plots at Pendleton
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both in 1993 and 1994 were sprayed with benomyl (as Benlate
 
50 WP) at 1.3 kg a.i./ha once in early April to control
 
eyespot (caused by Pseudocercosporella herpotrichoides). To
 
reduce inter-plot interference due to spore dispersal and
 
contamination from fungicide drift, subplots of the common
 
winter wheat cultivar "Stephens", immune to the stripe rust
 
races used for this study, was planted between adjacent
 
experimental subplots in the narrow dimension. A strip of
 
Stephens wheat 6.1 m wide separated the mainplots.
 
Six cm peat pots containing two seedlings of winter-

hardy "Nugaines" winter wheat plants were inoculated in the
 
laboratory with a mixture of equal proportions of stripe
 
rust races CDL 27, CDL 29, and CDL 41 (CDL designations are
 
those of the USDA Cereal Disease Laboratory, Washington
 
State University, Pullman, Washington) at about 0.001 mg
 
urediospores per pot, after chilling the plants at 10°C for
 
the previous 12 hr. All three races had been isolated
 
locally. The inoculated pots were placed in a dew chamber
 
overnight and then transported to a protected outdoor
 
location for hardening. Each of the mixture components were
 
susceptible to only one of these races, except for Jacmar,
 
which was susceptible to both races 29 and 41. Just before
 
pustule eruption, plants from two peat pots were
 
transplanted into the center of each subplot designated for
 
inoculation within the main plots. During the 1991-92
 
season, a single fall inoculation was done on 18 and 19
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March 1992 at Pendleton and Moro, respectively. For the
 
1992-93 field season, inoculations were done on 9 and 10
 
November 1993 at Pendleton and Moro, respectively, and again
 
on 11 and 12 March. In the 1993-94 season, a single
 
inoculation was done on 1 and 4 March 1994 at Pendleton and
 
Moro, respectively.
 
Disease was assessed on the leaf below the flag leaf (F
 
-1 leaf) by estimating the percent leaf area covered by
 
stripe rust lesions on each head-bearing tiller in miniplots
 
of approximately 120 tillers. Miniplots consisted of the
 
center two rows half-way between the point of inoculation
 
and down-wind end of each of the inoculated subplots, except
 
for Pendleton in 1993, when the subplots were planted
 
perpendicular to the predominant wind direction. The sizes
 
of the miniplots were 0.39, 0.42 and 0.28 m2 at Moro in
 
1993, Pendleton in 1993, and Pendleton in 1994,
 
respectively. During the 1992-93 season at Pendleton,
 
disease severity was assessed on the F-2 leaf because of low
 
disease severities at the time of assessment. Each of the
 
tillers was given a numbered tag, matched numerically with
 
the corresponding disease score, so that disease severities
 
on each of the component cultivars could be determined when
 
chaff color markers were expressed.
 
All tillers in the miniplots of both inoculated and
 
fungicide-treated (same area as those of the inoculated
 
miniplots of the same experiment) subplots were hand­74 
harvested with sickles, bagged, and transported to the
 
laboratory. Tillers from all of the miniplots were separated
 
by chaff color. For the inoculated treatments, tag numbers
 
were matched to the disease notes taken in the field, so
 
that disease severities could be assigned to each of the
 
cultivars separately. About 5-7% of the tags were lost from
 
each of the miniplots during harvesting and/or
 
transportation. Tillers within each chaff color category for
 
each of the miniplots were counted separately to determine
 
tiller frequencies and threshed separately with a stationary
 
thresher. Seed weight for the individual cultivars, total
 
grain yield per miniplot, and weight of two replicates of
 
100 seeds each were calculated for each miniplot.
 
Data analyses
 
Data were analyzed with the General Linear Model
 
procedure of the Statistical Analysis System (SAS Institute,
 
1988). Analyses of variance for yield and yield components
 
were done separately for each location and year. Fisher's
 
protected LSD and linear contrasts were used to determine
 
the significance of treatment differences for grain yield or
 
yield component data. Examination of residual plots did not
 
indicate a need for transformation of yield or yield
 
components (tillers/unit area, seed/head, and seed weight)
 
data. The effect of disease severity on yield of pure
 
stands, mixtures, and individual cultivars within mixtures
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was analyzed by regressing grain yield per miniplot on
 
untransformed disease severity. A detailed analysis of
 
stripe rust data has been reported for both pure stands and
 
mixtures (Chapter II). The relative grain yields of mixtures
 
were calculated by dividing by their corresponding pure
 
stand means weighted for the planted proportions of the
 
cultivars in mixture.
 
Competitive interactions between cultivars in the
 
mixtures were analyzed by plotting the observed and expected
 
grain yields of the component cultivars versus planted
 
frequency for all three mixture combinations under both
 
inoculated and fungicide-treated conditions. Each of the
 
observed yield lines was tested for non-linearity. To do so,
 
simple linear regression was applied to the log-transformed
 
yield for each of the mixture components, and the lines were
 
forced through the logarithm of the mean of the respective
 
cultivar's pure stand yield. T-tests were used to determine
 
if the slopes of the regressions were significantly
 
different from unity [see Finckh & Mundt (1992a) for
 
detailed description]. Slopes greater than one indicate
 
concave curvature of the yield line (lower yield than
 
predicted from monoculture data), whereas slopes smaller
 
than one indicate convex curvature of the yield line (higher
 
yield than predicted from monoculture data).
 
Grain yields of individual heads were regressed on
 
stripe rust severities to determine the effect of stripe
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rust on the yield of individual heads for different
 
cultivars.
 
Variance component analyses of the miniplot yields for
 
the split-plot experiment in each of the three environments,
 
as well as separate analyses for inoculated and fungicide
 
treated yields, were conducted with the VARCOMP Procedure
 
(SAS Institute, Inc., 1988), using the MIVQUE(0) method, to
 
determine the contribution of experimental variables to the
 
variance in total yield of mixtures.
 
To gain an insight into the stability of cultivars and
 
mixtures, yield ranks of the 19 populations (four pure
 
stands and 15 mixtures) were regressed on environmental
 
indices, as suggested by Mundt, et al.  (1995). The wheat
 
populations were ranked in descending order of yield, i.e.,
 
19 = highest yield and 1 = lowest yield. The mean yield of
 
all populations in each environment was considered as the
 
environmental index specific to that environment. The slopes
 
of regression lines indicate changes in yield ranking as
 
conduciveness to yield increases. The residual mean square
 
errors of regressions quantify the degree of variability not
 
associated with the environmental index, and are a measure
 
of random instability of yield. A more stable population
 
would have a slope near zero and a low residual mean square
 
error.
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Results
 
Pure stands
 
There was a substantial effect of disease on ranking of
 
cultivar yields in pure stand. In the absence of rust, Tyee
 
was the highest yielding cultivar in all three environments,
 
though differences among cultivars were not always
 
significant (Table 111.2). In the presence of stripe rust,
 
Faro always outyielded the other cultivars, irrespective of
 
environment. At Moro, the lowest yield was recorded for
 
Tyee, whereas at Pendleton, in both years, Jacmar yielded
 
the lowest. Yields of the inoculated pure stands were
 
negatively correlated to disease severity in all three
 
environments, but were significant only at Pendleton in 1994
 
(P = 0.001, r2 = 0.53). The coefficient of determination
 
(r2)  for Moro and Pendleton in 1993 were 0.06 and 0.07,
 
respectively. A detailed analysis of stripe rust data has
 
been reported for both pure stands and mixtures (Chapter
 
II). There were significant (P = 0.05) differences among
 
cultivars for all yield components in all environments and
 
in both the absence and presence of stripe rust (Table
 
111.2). Significant decreases caused by stripe rust were
 
found for all yield components, with seed weight being the
 
component reduced most consistently (Table 111.2). In Moro
 
1993, however, the number of heads per unit area was reduced
 
to a much greater degree than the other components.
 Table 111.2. Yield and yield components of four wheat cultivars grown as pure stands in
 
the presence and absence of stripe rust in three environmentsa.
 
Moro 1993
 
Cultivars  Fungicide  Inoculated
 
Grain yield per miniplot (g)
 
Faro  224ab  181a**
 
Jacmar  216ab  137b * **
 
Tres  189b  155ab*
 
Tyee  252a  133b***
 
Number of heads per miniplot
 
Faro  140ab  124a
 
Jacmar  138ab  114a**
 
Tres  115b  106a
 
Tyee  166a  106a***
 
Number of seeds per head
 
Faro  44.5ab  43.8a
 
Jacmar  47.2a  40.5a***
 
Tres  43.6b  43.8a
 
Tyee  46.0ab  42.5a*
 
Weight of  individual  seed (mg)
 
Faro  35.1b  33.3a**
 
Jacmar  33.3c  29.7h* **
 
Tres  37.4a  33.6a***
 
Tyee  33.1c  29.6b***
 
Pendleton 1994
 
Fungicide  Inoculated
 
183ab  184a
 
156b  113b***
 
191ab  156a**
 
200a  171a*
 
120ab  148a **
 
110b  146ab***
 
129ab  121b
 
142a  148a
 
44.7a  39.9a*
 
44.2a  33.1b***
 
42.5a  40.1a
 
46.6a  40.9a**
 
34.9a  31.2ab**
 
32.4b  23.6c***
 
35.1a  32.6a*
 
30.3b  28.2b***
 
Fungicide
 
260a
 
212b
 
268a
 
290a
 
145b
 
121c
 
143b
 
167a
 
49.7a
 
51.4a
 
50.7a
 
49.7a
 
36.2ab
 
33.9c
 
37.0a
 
35.1bc
 
Pendleton 1993
 
Inoculated
 
218a**
 
127c***
 
180b***
 
183ab***
 
147a
 
107b
 
115b**
 
133ab***
 
47.5a
 
41.7b***
 
49.1a
 
47.4a
 
31.2a***
 
28.5b***
 
32.0a***
 
28.9b***
 Table 111.2 (continued)
 
a Numbers within a column followed by the same letter for each of the dependent variables
 
are not significantly different at P s 0.1 (Fisher's protected LSD).
 
*,  **, and ***, yield and yield components of the genotypes are significantly different in
 
the presence than in the absence of disease at P s 0.1, P s 0.05 and P 5 0.01,
 
respectively (linear contrasts).
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Rust significantly increased the number of heads/miniplot
 
for two cultivars planted in pure stands at Pendleton in
 
1994.
 
Mixtures
 
Sixty-seven and 62% of the mixtures, yielded equal to
 
or higher than the mean of their pure stands in the absence
 
and presence of stripe rust, respectively (Table 111.3). Of
 
these only 17 and 14% of the mixtures yielded significantly
 
(P 5 0.10) higher than the mean of the pure stands. Fifteen
 
of the 45 fungicide-treated mixtures and 17 of the 45
 
inoculated mixtures yielded lower than the mean of the pure
 
stands, but only three of these differences were significant
 
(P 5 0.10).
 
Yield and yield components of the mixtures were
 
significantly reduced by stripe rust, though the amount of
 
reduction varied considerably among mixtures and
 
environments (Table 111.4). Average yields were 7 and 4%
 
higher than the weighted means of the component pure stands
 
under inoculated and non-diseased conditions, respectively.
 
For mixtures planted initially in equal proportions, the
 
yield increases were 9 and 7% for inoculated and fungicide-

treated mixtures, respectively (Table 111.4).
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Table 111.3. Total yield of wheat cultivar mixtures
 
relativea to their respective pure stands in the presence
 
and absence of stripe rust in three environmentsb.
 
Mixture/  Fungicide-treated  Stripe rust-inoculated
 
Frequency'
 
Moro/93  Pend./93 Pend./94 Moro/93  Pend./93 Pend/94
 
Faro-Tyee
 
10:90 1.017  0.924  1.034  1.110  0.878  0.928 
25:75 1.046  0.967  1.115  1.194**  0.954  0.925 
50:50 1.136  0.957  0.975  1.130  1.153  1.012 
75:25 1.090  1.022  1.073  0.989  0.965  0.947 
90:10 0.909  1.000  1.145**  1.015  0.984  0.951 
Faro-Tres 
10:90 1.270***0.920  0.976  1.065  1.074  1.054 
25:75 1.054  0.850  1.061  0.977  1.167  1.101 
50:50 1.102  1.004  1.034  1.097  1.074  1.037 
75:25 1.046  0.846*  0.963  1.159  0.889  1.029 
90:10 1.022  1.038  1.114  1.108  0.942  1.040 
Jacmar-Tyee 
10:90 1.070  0.907  1.017  1.315***0.993  0.829** 
25:75 0.929  0.825*  1.005  1.322***1.073  0.981 
50:50 1.088  0.970  1.172**  1.176*  0.919  1.097 
75:25 1.200** 0.976  1.058  1.145  1.158*  1.082 
90:10 1.023  1.104  1.192***  0.997  1.070  1.015 
a Grain yield of each mixture was expressed relative to the
 
grain yield of the respective pure stands weighted by their
 
planted frequencies in that season.
 
b The three environments were Moro 1993, Pendleton 1993, and
 
Pendleton 1994.
 
Initial planting frequency in fall 1991.
 
*,  **, and ***, total mixture yield is significantly
 
different from pure stand yields weighted for planting
 
frequencies at P s 0.1, P 5 0.05 and P s 0.01, respectively
 
(linear contrasts).
 Table 111.4. Yield and yield components for wheat cultivars and cultivar mixtures in presence and absence of

stripe rust in three environments.
 
Environment
 
Moro 1993
  Pendleton 1993  Pendleton 1994
 
Yield/Yield
 
components  Fung.a  Inoc.b  Red. ( %)`  Fung.  Inoc.  Red.(%)  Fung.  Inoc.  Red.(%)
 
Yield all mix.a  238.27  172.21  27.72***  251.11  182.85  27.18***
  197.46  162.72  17.59***
 
Yield "50:50" mix'  248.28  175.95  29.13 * **  258.23  182.14  29.47***
  197.86  169.04  14.57***
 
Yield puree  222.17  151.46  31.83***  257.44  176.87  31.30***
  182.55  155.95  14.57***
 
Mixture /puree  1.07  1.14++
  0.97  1.03  1.08++  1.04
 
"50:50" mix. /puree  1.12  1.16++  1.00  1.03  1.08  1.08
 
# heads mix.  145.80  126.27  13.40***
  145.09  130.15  10.30 * **  139.47  134.63  3.47
 
# hds "50:50" mix.  154.67  126.08  18.48 * **  144.17  126.28  12.41***  137.33  136.17  0.84
 
# heads pure  141.33  112.56  20.36***  143.87  125.63
  12.68***  125.06  140.69  -12.50***
 
Mixture/pure  1.03  1.12++  1.01  1.04  1.12+++  0.96+
 
"50:50" mix./pure  1.09  1.12+  1.00  1.01
  1.10+  0.97
 
Seeds/hd mix.  46.63  43.16  7.44 * **  48.23  47.41  1.70  43.65  41.51
  5.13***
 
Sds./hd "50:50" mix  45.60  43.26  5.13*  49.15  46.88  4.62  42.80  41.84
  2.24
 
Seeds/hd pure  45.62  42.76  6.27***  50.37  46.51  7.66***
  44.48  38.49  13.47***
 
Mixture/pure  1.02  1.01
  0.96+  1.02  0.98  1.08+++
 
"50:50" mix./pure  1.00  1.01  0.98
  1.01  0.96  1.09+++
 
Seed wt. mix.  (mg)  35.10  31.85  9.26***  35.55  29.40  17.30***
  32.60  29.55  9.36***
 
Sd. wt."50:50" mix.  34.95  32.40  7.30***  36.05  30.80  14.56 * **
  33.45  29.65  11.36 * **
 
Seed wt. pure  34.55  31.55  8.68***  35.50  30.15  15.07***  33.15
  28.85  12.97***
 
Mixture/pure  1.02  1.01  1.00  0.98  0.98
  1.02
 
"50:50" mix./pure  1.01  1.03  1.02  1.02  1.01  1.03
 Table 111.4 (continued)
 
a Plots treated with fungicide.
 
b Plots inoculated with stripe rust.
 
Percent yield reduction due to stripe rust.
 
d Data were pooled from all mixtures.
 
e Data were pooled from the treatments initially planted at "50:50" proportions in Fall,
 
1991.
 
f Data were averaged over all pure stands.
 
g Values relative to pure stands. For comparing the mean of the mixtures or "50:50"
 
mixtures with the overall mean of the pure stands, pure stand means were weighted to
 
account for the number of times they were included in mixtures.
 
*,  **, and ***, yield and yield components for the mixtures or "50:50" mixtures
  are
 
significantly different in the presence than in the absence of disease at P 5 0.1  P 5
 
0.05 and P 5 0.01, respectively (linear contrasts). 
,
 
+, ++, and +++, mean of the mixtures or "  50:50" mixtures are significantly different from
 
the overall mean of the pure stands at P 5 0.1, P 5 0.05 and P 5 0.01, respectively
 
(linear contrasts).
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Often, the yield line of one cultivar in replacement
 
series plots is convex whereas that of the other is concave.
 
In the Faro-Tyee mixtures, Faro was almost always the
 
stronger competitor, as indicated by the convex yield lines
 
(above the expected line), and the deviations are
 
significant in five of the six replacement series (Fig.
 
111.1). A similar trend was observed for Faro when mixed
 
with Tres, except at Pendleton during 1993, where Tres was
 
the stronger competitor (Fig. 111.2). For the Jacmar-Tyee
 
mixtures, the competitive superiority of the two cultivars
 
depended on both environment and presence of rust (Fig.
 
111.3). In some cases, the yield of a cultivar in mixture
 
depended strongly on the cultivar it was mixed with. For
 
example, in the absence of stripe rust, the yield lines for
 
Faro in the Faro-Tyee and Faro-Tres mixtures at Pendleton
 
during 1993 were significantly above (Fig. III.1) and below
 
(Fig. 111.2), respectively, the expected yield lines,
 
indicating that the yield of Faro was significantly
 
different in two mixture combinations. At Pendleton in 1994,
 
Tyee yielded significantly higher when mixed with Jacmar
 
(Fig. 111.3) than when mixed with Faro (Fig. III.1). A
 
similar trend for these two cultivars also was observed in
 
the presence of disease.
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Fig.III.l. Grain yield (g/miniplot) of the wheat
 
cultivars Faro and Tyee in replacement series experiments
 
in three environments versus their planted frequency. A,
 
v, and  represent the observed mean yield of Faro, Tyee
 
and their mixture, respectively. Lines without symbols
 
are the yields expected in the absence of inter-genotypic
 
competition. Numbers in graphs are the probabilities that
 
the observed component yield lines were linear.
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Fig.III.2. Grain yield (g/miniplot) of the wheat
 
cultivars Faro and Tres in replacement series
 
experiments in three environments versus their planted
 
frequency. A,  v, and  represent the observed mean yield
 
of Faro, Tres and their mixture, respectively. Lines
 
without symbols are the yields expected in the absence
 
of inter-genotypic competition. Numbers in graphs are
 
the probabilities that the observed component yield
 
lines were linear.
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Fig.III.3. Grain yield (g/miniplot) of the wheat
 
cultivars Jacmar and Tyee in replacement series
 
experiments in three environments versus their planted
 
frequency. A,  v, and  represent the observed mean yield
 
of Jacmar, Tyee and their mixture, respectively. Lines
 
without symbols are the yields expected in the absence
 
of inter-genotypic competition. Numbers in graphs are
 
the probabilities that the observed component yield
 
lines were linear.
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Linear regression for the mixtures showed a negative
 
relationship between yield and stripe rust severities in all
 
three environments, but was significant only at Pendleton
 
during 1994 (P= 0.001, r2=0.33)  The coefficients of
 .
 
determination (r2) for Moro and Pendleton in 1993 were only
 
0.02 and 0.001, respectively.
 
The relationship between disease and grain yield/head of
 
a particular cultivar in mixture was affected by companion
 
cultivar and environment (Table 111.5). The yield of Jacmar
 
when mixed with Tyee was significantly reduced by disease in
 
all three environments, whereas the yield of Tyee when mixed
 
with Faro was positively correlated with stripe rust
 
severity, and significantly so at Pendleton in 1994. The
 
effect of disease on other mixtures showed no consistent
 
pattern.
 Table 111.5. Coefficients of determination (r2) and significances of slopes (P­
values)  for regression of grain yield of individual heads of wheat cultivars on
 
stripe rust severity in replacement series' in three environments.
 
Environment
 
Moro 1993  Pendleton 1993  Pendleton 1994
 
Cultivars  Slope  r
2  Slope  r2  Slope  r
2 
Faro in Faro/Tyee  -0.002  0.16  0.434  0.001  0.01 0.893  -0.015
  0.60  0.070
 
Tyee  in Faro/Tyee  0.004  0.37  0.204  0.002  0.06  0.628  0.007  0.69  0.042
 
Faro in Faro/Tres  -0.004  0.27  0.291  -0.009  0.69  0.041  -0.008  0.36  0.210
 
Tres  in Faro/Tres  0.003  0.11  0.526  -0.009  0.92  0.003  -0.001  0.05  0.680
 
Jacmar in Jacmar/Tyee  -0.004  0.66  0.049  -0.004  0.74  0.028  -0.003  0.74  0.027
 
Tyee in Jacmar/Tyee  0.000  0.00  0.999  -0.005  0.16  0.430  -0.003  0.49  0.124
 
a Replacement series consisted of two cultivars initially planted at proportions of
 
100:0, 90:10, 75:25, 50:50, 25:75, 10:90 and 0:100 in fall 1991; the regression for
 
each cultivar included its pure stand and all mixtures.
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Variance component analysis for a split-plot design in
 
each of the three environments indicated that disease was
 
the major component explaining variability in yield of
 
mixtures, followed by the disease x mixture interaction
 
(Table 111.6). Separate analyses for data of inoculated and
 
fungicide-treated plots in each environment indicated that
 
mixture effects were much more pronounced for inoculated as
 
compared to fungicide-treated plots (Table 111.7). Moreover,
 
mixture effects on yield were several times greater at
 
Pendleton than at Moro. Though error terms were very large,
 
disease x mixture (Table 111.6) and mixture x proportion
 
(Table 111.7) variance components were substantial as
 
compared to other variance components.
 
Yield stability
 
The 19 wheat populations varied considerably with
 
respect to yield ranking, regression slopes, and residual
 
mean squares (Table 111.8). There was no difference between
 
mixtures and pure stands for the mean absolute value of
 
regression slope or mean residual mean square. There was
 
also no relationship between slopes and residual mean
 
squares. All of the top-ranked mixtures contained Faro,
 
while the bottom-ranked mixtures contained Jacmar. Faro had
 
a strongly negative slope (-0.100) and Tyee had a strongly
 
positive slope (0.120), while slopes for Tres and Jacmar
 
were almost zero. As a result, all of the Faro-Tres mixtures
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had positive slopes, all of the Jacmar-Tyee mixtures, except
 
one, had positive slopes, and the mixtures of Faro-Tyee had
 
both positive and negative slopes.
 
Table 111.6. Estimates of variance components (expressed as
 
percent of total) for grain yield of wheat cultivar mixtures
 
in three environments.
 
Environment
 
Components  Moro/93 Pendleton/93  Pendleton/94 
Rusta  57.64  54.30  46.88 
Mixtureb  0  2.86  0.02 
Proportion'  0  0  0 
Block  1.71  0  0 
Disease*Mixture  4.53  4.12  13.52 
Disease*Proportion 1.64  0  0.57 
Mixture*Proportion 1.96  1.55  1.95 
Disease*Mix.*Prop.  0  0  0 
Error  32.51  37.17  37.07 
a Either inoculated with stripe rust or protected with
 
fungicide.
 
b Three mixtures consisting of Faro-Tyee, Faro-Tres and
 
Jacmar-Tyee.
 
Proportion of the two cultivars in mixtures.
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Table 111.7. Estimates of variance components (expressed as
 
percent of total) for grain yield of wheat cultivar mixtures
 
under stripe rust and fungicide-treated conditions in three
 
environments.
 
Environments/components
 
Moro 1993
 
Mixture'
 
Proportionb
 
Mixture * Proportion
 
Block
 
Error
 
Pendleton 1993
 
Mixture
 
Proportion
 
Mixture * Proportion
 
Block
 
Error
 
Pendleton 1994
 
Mixture
 
Proportion
 
Mixture * Proportion
 
Block
 
Error
 
Rust  (+)
 
5.23
 
0
 
14.49
 
8.69
 
71.59
 
25.97
 
0
 
12.73
 
31.22
 
30.09
 
42.74
 
0
 
3.50
 
9.56
 
44.20
 
Rust(-)
 
2.99
 
9.31
 
0
 
9.70
 
78.00
 
6.74
 
0.81
 
0
 
1.30
 
91.14
 
0.90
 
0.35
 
4.81
 
2.17
 
91.78
 
'Three mixtures consisting of Faro-Tyee, Faro-Tres and
 
Jacmar-Tyee.
 
bProportion of the two cultivars in mixtures.
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Table 111.8. Mean yield ranking and yield stability
 
parameters over environments' for four wheat cultivars and
 
15 two-component mixtures.
 
Population  Mean rankb  Slope  RMSd
 
FR90:10e  15.50  -0.056  9.49
 
FY25:75  13.67  0.070  14.82
 
FR50:50  13.33  -0.050  12.19
 
FY50:50  13.17  -0.007  30.62
 
FY75:25  13.00  0.038  4.24
 
FY90:10  12.17  -0.073  25.63
 
Faro (F)  12.00  -0.100  24.83
 
Tyee (Y)  11.50  0.120  17.87
 
FR25:75  10.67  -0.120  22.16
 
FR75:25  10.17  -0.131  32.06
 
FY10:90  9.83  0.090  13.56
 
JY10:90  9.50  0.073  18.71
 
FR10:90  9.33  -0.021  7.47
 
JY50:50  9.33  0.065  36.80
 
Tres (R)  7.17  0.030  24.09
 
JY25:75  7.00  -0.043  8.94
 
JY75:25  6.50  0.063  33.20
 
JY90:10  4.33  0.040  4.31
 
Jacmar (J)  1.83  0.008  2.10
 
Means
 
Mixtures  0.063E  18.28
 
Pure stands  0.065f  17.22
 
a An environment was considered as each of the six disease
 
treatment x location x year combinations.
 
b 19 = highest and 1  = lowest yield in a given environment.
 
Slope of regression of yield rank in each environment on
 
mean yield of all populations in that environment.

d  residual mean square error for the regression of yield
 
rank on mean yield of all populations in that environment.
 
e Numbers represent the initial planting proportions of
 
cultivars in the mixture.
 
f Absolute values of regression slopes averaged over all
 
populations.
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Discussion
 
In our studies, mixing cultivars increased yield by an
 
average of 7 and 4% relative to the weighted means of their
 
component pure stands in the presence and absence of rust,
 
respectively. Yield increases over the means of the pure
 
stands in our experiments are in agreement with the ranges
 
reported by others (Barrett, 1980; Finckh & Mundt, 1992a;
 
Mundt et al., 1994; Ralph, 1987; Wolfe, 1978; Wolfe &
 
Barrett, 1980). Wolfe & Barrett (1980) found a yield
 
advantage of 3% for barley cultivar mixtures when little or
 
no mildew was present and an advantage of 9% when mildew was
 
significant. Mahmood et al.  (1991) reported a 4% yield
 
increase in wheat cultivar mixtures in the presence of leaf
 
rust. Finckh & Mundt (1992a,b), working with wheat cultivar
 
mixtures, reported yield increases of 10-13% in the presence
 
of stripe rust and up to 4% in absence of disease. Overall,
 
there was considerable variation among mixtures in our study
 
with regard to the influence of mixing on yield, which
 
supports the concept of general and specific mixing ability
 
(Knott & Mundt, 1990). For example, Jacmar/Tyee mixtures
 
provided greater yield increases than did Faro/Tyee
 
mixtures.
 
Stripe rust significantly reduced yield and all yield
 
components of wheat, as was reported previously (Finckh &
 
Mundt, 1992a; Hendrix & Fuchs, 1970; Yang & Zeng, 1989).
 
Stripe rust epidemics begin earlier in the development of
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wheat plants than other rusts, which explains why all of the
 
yield components, including number of heads per unit area,
 
were affected in our study. Alexander et al.  (1986),
 
however, reported that stem rust of wheat, which occurred
 
late in crop development, affected the size of grain but not
 
the number of heads or number of seeds per head.
 
Like others (Finckh & Mundt, 1992a; Sakai, 1955;
 
Suneson, 1949; Suneson & Weibe, 1942), we found that yield
 
of the pure stands was not predictive of yield in mixture or
 
of competitive ability. For example, Tyee was always the
 
highest yielder in the absence of disease and was similar to
 
Faro with respect to yield in the presence of stripe rust at
 
Pendleton. However, in the Faro-Tyee mixture, Faro was
 
always the stronger competitor. Several others, however,
 
found positive correlations between yield and competitive
 
ability (Harlan & Martini, 1938; Blinjenburg & Sneep, 1975;
 
Khalifa & Qualset, 1974; Suneson, 1956, 1969). Competitive
 
abilities of the cultivars in mixture under disease-free
 
conditions were not reversed due to disease as was found by
 
Burdon, et al.  (1984) for differentially susceptible
 
genotypes of Chondrilla juncea. Working with mixtures of
 
wheat cultivars differentially susceptible to Puccinia
 
graminis tritici, Alexander et al.  (1986), found that
 
competitive abilities of the cultivars were independent of
 
severity of rust in the mixtures. Though disease was
 
frequency-dependent in our studies (Akanda & Mundt, 1996),
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this influence was not sufficient to reverse the ranking of
 
the competitive differences of the cultivars in the
 
mixtures.
 
Cultivars differed in competitive ability, as indicated
 
by the curved lines in plots of yield against planted
 
frequency. Often, the yield of one cultivar was decreased in
 
mixture while the other was increased, but not always in
 
equivalent amounts. Thus, the overall yield of a mixture
 
relative to its component pure stands could be increased,
 
decreased, or not changed. Because the yield curves are not
 
symmetrical, some proportions of mixtures show a yield
 
increase while other proportions of the same mixture in the
 
same environment show a yield decrease. Complementary
 
competition (yield of one mixture component increased while
 
the other component decreased without affecting the overall
 
yield)  (Schutz & Brim, 1967; Early & Qualset, 1971; Khalifa
 
& Qualset, 1974), negative competition (yield of both
 
components decreased), and overcompensation (yield of both
 
components increased) were all observed in our studies.
 
Complementary competition was found for the Faro-Tyee
 
mixtures at Moro both in the presence and absence of rust
 
and also at Pendleton in 1994 in absence of rust.
 
Complementary competition was also observed for the Faro-

Tres mixtures. Negative competition was sometimes observed
 
for the Faro-Tyee mixtures, whereas, overcompensation was
 
sometimes observed for the Jacmar-Tyee  mixtures.
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Combinations of negative and complementary interactions were
 
seen for the Faro-Tres mixture when inoculated at Pendleton
 
in 1993.
 
Schutz et al.  (1968) and Allard & Adams (1969) studied
 
theoretical models of competition and have shown that, for a
 
stable equilibrium to occur, at least one pair of components
 
must show overcompensation. In other forms of competition,
 
however, it is probable that the outcome of such unequal
 
competitive differences in the cultivars may eventually lead
 
to elimination of the disadvantaged cultivar in the long-

run, if the same seed source is perpetuated through planting
 
without remixing. Khalifa & Qualset (1974) reported a 11%
 
reduction in frequency of dwarf wheat in mixtures with tall
 
wheat, resulting in rapid reduction of genetic variability
 
due to intergenotypic competition. Alexander et al.  (1986)
 
also reported potential for shifts in mixture composition
 
over time due to enhanced competition. In our experiments,
 
compositional shifts over the three year period were
 
generally small, suggesting that mixtures could safely be
 
replanted for 3-4 years without remixing. This is a common
 
commercial practice in Oregon (Mundt, 1994b). Finckh & Mundt
 
(1993) found evidence for equilibrium frequencies of wheat
 
cultivars with similar yield, and which were bred to be
 
grown in the same environments, as was also the case for
 
cultivars in our experiments. Moreover, there is evidence to
 
suggest that cultivar mixtures can sometimes become adapted
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for improved performance on specific farms when mixture seed
 
is resown (Mundt, unpublished data).
 
Disease played the major role in determining yield
 
differences in mixture populations, as indicated by variance
 
component analysis for the split-plot experiment. Separate
 
analyses for inoculated and fungicide-treated plots
 
indicated the important biological variables when rust is or
 
is not present. Variation in yield among the three two-

component mixtures in our experiments were found to be
 
greater at Pendleton than at Moro. The mixture x proportion
 
interaction suggests that, to design effective mixtures for
 
higher yield, consideration should be given both to the
 
specific mixture and to the frequency of cultivars in a
 
particular mixture. However, mixture choice and proportion
 
were more important in the presence of rust than in its
 
absence.
 
From the standpoint of practical application, it is of
 
utmost importance to determine the optimum combinations of
 
cultivars for maximum and stable population performance.
 
There was a tendency of higher yield advantage from the
 
equiproportional mixtures both under diseased and non-

diseased conditions. Disease reductions due to mixing were
 
17% below the mean of the pure stands for all mixtures and
 
40% below the mean for equiproportional mixtures, though the
 
range varied considerably for different mixtures (Chapter
 
II)
  .
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Mixtures were not more stable than pure stands in this
 
study. The stability of mixtures, however, depends upon many
 
interactive factors, such as the specific cultivars used in
 
populations, the nature of environments under study (Frey &
 
Maldando, 1967), or relative frequencies of cultivars within
 
the populations (Qualset & Granger, 1970). In particular,
 
there was a relatively small range in yield among
 
environments in our study. Other studies have shown improved
 
stability of mixtures relative to pure stands (Jensen, 1952,
 
1965; Marshall & Brown, 1973; Qualset & Granger, 1970),
 
including experiments with some of the same cultivars used
 
in this study, but when a larger range of yield was provided
 
through establishment of stripe rust and eyespot epidemics
 
(Mundt, et al., 1995). Clay & Allard (1969), however, found
 
that barley cultivar mixtures were somewhat less stable than
 
pure stands. Moreover, Gates at al.  (1986), using simulation
 
studies, demonstrated that stability is not an inevitable
 
consequence of differential interaction. Rather, the outcome
 
depends largely upon the growth and relative competitive
 
abilities of the plant species and on the transmission
 
efficiency of the pathogen and its effect on individual host
 
plants.
 
The results of this study showed that 67 and 62% of the
 
mixtures, yielded equal to or higher than the mean of their
 
pure stands in the presence and absence of stripe rust,
 
respectively. The results also demonstrated that yield
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advantages from the equiproportional mixtures were higher
 
than from the other proportions. It is also evident that the
 
relationship between disease and grain yield/head of a
 
specific cultivar was affected by the companion cultivar and
 
environment. Disease was the most important variable
 
affecting yield of mixtures. Yield advantages due to mixing
 
can be increased if mixture components are judiciously
 
chosen and mixed in specific proportions.
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Abstract
 
Four club wheat cultivars and three two-component
 
cultivar mixtures, planted at five proportions, were grown
 
in three environments both in the presence and absence of
 
stripe rust. The effect of stripe rust on wheat yield was
 
through the yield components, with weight of individual seed
 
being the component most consistently affected by rust.
 
Compensation among components of yield was suggested by the
 
presence of negative correlations among yield components in
 
some cases. Path analysis of yield components revealed that
 
components with the highest correlations to yield also had
 
the largest direct effects on yield. Of the yield
 
components, number of heads per unit area exerted the
 
largest influence on yield. The direct effects of number of
 
seeds per head and weight of individual seed were of similar
 
magnitude, although number of seeds per head was more
 
important in absence of rust than in its presence. The pure
 
stands and mixtures differed considerably with respect to
 
correlation coefficients, but were very similar for direct
 
effects of yield components on yield. Most of these
 
discrepancies were due to opposing indirect effects, which
 
were not evident from correlation coefficients alone.
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Introduction
 
It has been suggested that plant genetic diversity
 
provides significant protection from disease in both natural
 
and agricultural ecosystems, and may also contribute to
 
increased yield and yield stability in absence of disease
 
(Mundt, 1994; Mundt & Browning, 1985; Wolfe, 1985).
 
Intraspecific genetic diversity can be attained by growing
 
multiline cultivars or simple cultivar mixtures. In recent
 
years, however, more attention has been focused on cultivar
 
mixtures (Mundt, 1994; Wolfe, 1985), which can be easily
 
constituted from available commercial cultivars without
 
further breeding for agronomic uniformity.
 
The interrelationships between yield and yield
 
components are rather complex in cultivar mixtures (Clay,
 
1990; Finckh & Mundt, 1992). This complexity increases in
 
the presence of disease due to the influence of disease on
 
plant-plant interactions, and the interaction of disease
 
with yield components (Alexander et al., 1984; Burdon &
 
Chilvers, 1977; Burdon et al., 1984; Finckh & Mundt, 1992).
 
Thus, it is of utmost importance to determine
 
interrelationships among disease severity, yield, and yield
 
components in mixtures.
 
Path coefficient analysis is a very important
 
statistical tool to suggest which variables (causes) exert
 
influence on other variables (effects), while recognizing
 
the impacts of multicolinearity. A path coefficient is
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simply a standardized partial regression coefficient and,  as
 
such, estimates the direct influence of one variable upon
 
another and permits the separation of correlation
 
coefficients into components of direct and indirect effects
 
(Bower et al., 1990; Dewey & Lu, 1959; Hampton, 1975; Li,
 
1975; Van Bruggen & Arneson, 1986, Williams et al., 1990).
 
The direct contribution of an independent variable to the
 
variation observed in the dependent variable can be
 
determined with reduced confounding influences caused by
 
multicolinearity.
 
Path analysis has often been used in population
 
genetics (Li, 1975) and agronomy (Chung & Goulden, 1971;
 
Dewey & Lu  1959; Duarte & Adams, 1972; Westermann &
 ,
 
Crothers, 1977), but very rarely in plant pathology (Van
 
Bruggen & Arneson, 1986; Bowers et al., 1990; Calvero, 1994;
 
Hampton, 1975; Torres & Teng, 1993; Yang & Zeng, 1989). No
 
attempt has yet been made to apply path coefficient analysis
 
to cultivar mixtures. The purposes of this study were to
 
determine the effect of stripe rust (Puccinia striiformis)
 
on the yield components of wheat (Triticum aestivum), the
 
relative importance of disease and yield components on
 
yield, and to unravel opposing effects between variables
 
along different paths of influence.
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Materials and Methods
 
Our experiments were superimposed on studies designed
 
to investigate changes in frequency of wheat cultivars in
 
mixtures, which will be reported in future papers. Effects
 
of these wheat populations on stripe rust severity, yield,
 
and yield components have been described in detail (Chapters
 
II & III). A summary of relevant materials and methods of
 
those studies is provided below.
 
Field plots were established at Moro in central Oregon,
 
and at Pendleton in eastern Oregon, USA, in the fall of
 
1991, 1992, and 1993. The experiments planted at Pendleton
 
in 1992, and 1993 and at Moro in 1992 were analyzed
 
intensively for disease severity and yield, and only data
 
from these three experiments are reported here. The
 
experimental design was a split-plot, randomized complete
 
block with four replications. The main plots were either
 
inoculated with stripe rust or protected with two-to-three
 
applications of triadimefon (as Bayleton), depending on the
 
predisposing weather conditions. This fungicide treatment
 
was shown to have no significant effect on wheat yield
 
(Mundt et al. 1995). Each cultivar was susceptible to only
 
one pathogen race, except for Jacmar, which was susceptible
 
to two races. Subplots within each mainplot consisted of
 
four cultivars (Faro, Jacmar, Tres, and Tyee) and three two-

way mixtures among them (Faro-Tyee, Faro-Tres, and Jacmar-

Tyee), each grown in the proportions of 0.1:0.9, 0.25:0.75,
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0.5:0.5, 0.75:0.25 and 0.9:0.1 in fall 1991 and seed carried
 
over for the following two seasons. Each subplot was four
 
rows wide by 6.1 m long with a 36 cm spacing between the
 
rows. Plots were planted at a seeding rate of 253 and 158
 
seeds/m2 at Pendleton and Moro, respectively. To reduce the
 
spread of spores and fungicide among plots, a subplot of the
 
common soft white winter wheat cultivar 'Stephens', immune
 
to the stripe rust races used for this study, was sown
 
between adjacent treatment subplots, in the narrow
 
dimension, and a strip of 6.1 m Stephens wheat separated the
 
main plots. Fertilizer and weed control practices were those
 
standard for commercial wheat production at each site.
 
Inoculation was done by transplanting two peat pots in each
 
inoculated subplot, each containing two rust-infected wheat
 
seedlings.
 
Percent leaf area covered with stripe rust lesions
 
was visibly quantified on the leaf below the flag leaf (F-1
 
leaf) of approximately 120 tillers. Miniplots containing
 
approximately 120 head-bearing tillers, on average, were
 
delineated from the center two rows of both inoculated and
 
fungicide-treated subplots (same unit area for both
 
inoculated and fungicide-treated subplots). These miniplots
 
were hand-harvested with sickles, bagged, and transported to
 
the laboratory. Tillers were counted and then threshed with
 
a stationary power thresher. Seeds were cleaned and weighed
 
to determine total grain weight for each miniplot. Two
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replicates of 100 seeds each were weighed from each miniplot
 
to calculate the mean individual seed weight.
 
Data analyses
 
Data were analyzed with the General Linear Model
 
procedure (PROC GLM) of the Statistical Analysis Systems
 
(SAS Institute, 1988). Simple correlation coefficients were
 
calculated between pairs of all measured variables and were
 
partitioned by path analysis into direct and indirect
 
effects, separately for the pure stands and mixtures.
 
Logically, the direct path coefficient of disease on yield
 
should be zero, as disease affects plant yield through its
 
effect on yield components, and non-zero values can be
 
considered as experimental error (Dewey & Lu, 1959; Yang &
 
Zeng, 1989).
 
Results
 
Correlations
 
For inoculated pure stands, all yield components were
 
positively correlated to yield, though not all correlations
 
were significant (Table IV.1). The number of heads per unit
 
area had the highest significant correlation with yield in
 
all three environments, irrespective of rust, except at
 
Pendleton in 1994 (Tables IV.1-2). The number of heads per
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Table IV.l. Correlations' among stripe rust, yield, and
 
yield components of four winter wheat cultivars in three
 
environments.
 
Components  Head #
 
Moro 1993
 
Rust  -0.450*
 
Head #
 
Yield
 
Seed/hd
 
Seed wt.
 
Pendleton 1993
 
Rust  0.016
 
Head #
 
Yield
 
Seed/hd
 
Seed wt.
 
Pendleton 1994
 
Rust  -0.006
 
Head #
 
Yield
 
Seed/hd
 
Yield
 
-0.257
 
0.685***
 
-0.241
 
0.819***
 
-0.730***
 
0.392
 
Sd/hd
 
0.324
 
-0.265
 
0.402
 
-0.246
 
0.093
 
0.558**
 
-0.554**
 
-0.298
 
0.558**
 
Seed wt.
 
-0.131
 
-0.103
 
0.446*
 
0.229
 
-0.502**
 
0.086
 
0.453*
 
0.190
 
0.738 * **
 
-0.273
 
0.693***
 
0.477*
 
a For correlation, data were pooled from all pure stands.
 
*,  **, and ***, correlation coefficient are significant at P
 
0.10, P < 0.05 and P 5 0.01, respectively.
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Table IV. 2. Correlations' between yield and yield
 
components for four winter wheat cultivars in absence of
 
stripe rust in three environments.
 
Components
 
Moro 1993
 
Head #
 
Yield
 
Seed/hd
 
Seed wt.
 
Pendleton 1993
 
Head #
 
Yield
 
Seed/hd
 
Seed wt.
 
Pendleton 1994
 
Head #
 
Yield
 
Seed/hd
 
Seed wt.
 
Yield
 
0.929***
 
0.933***
 
0.812***
 
Seed/hd
 
0.374
 
0.580**
 
-0.066
 
0.185
 
-0.218
 
0.236
 
Seed wt.
 
-0.550**
 
-0.369
 
-0.455*
 
0.204
 
0.354
 
-0.328
 
-0.428*
 
-0.164
 
-0.232
 
a For correlation, data were pooled from all pure stands.
 
*,  **, and ***, correlation coefficients were significant at
 
P 5 0.10, P s 0.05 and P  0.01, respectively.
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unit area and the number of seeds per head were positively
 
correlated to yield both in the presence and absence of
 
stripe rust (Tables IV.1-2). However, individual seed weight
 
was positively correlated to yield in all three environments
 
in the presence of disease (Table IV.1) and negatively
 
correlated to yield at Moro in 1993 and at Pendleton in 1994
 
in the absence of rust (Table IV.2). The correlation between
 
yield and individual seed weight was not significant in any
 
of the three environments in the absence of rust (Table
 
IV.2), but was significant in all three environments in the
 
presence of rust (Table IV.1)
  .
 
For rust-infected mixtures, yield was negatively
 
correlated to rust in all environments, but was significant
 
only at Pendleton in 1994 (Table IV.3). Irrespective of
 
environment, the highest correlation was between yield and
 
number of heads, followed by individual seed weight, with
 
both correlations being significantly positive. The
 
correlation between yield and number of seeds per head was
 
significant and positive for Moro. At Pendleton, the
 
correlations between yield and seed per head were
 
nonsignificant in both years, and were positive in 1994 and
 
negative in 1993. For the fungicide-treated mixtures, all of
 
the yield components were significantly and positively
 
correlated to yield, except for individual seed weight at
 
Pendleton in 1994, which had an insignificant negative
 
correlation (Table IV.4). The highest correlation was
 116 
observed with number of heads per unit area, followed by
 
number of seeds per head, and weight of individual seed.
 
Table IV.3. Correlations' among stripe rust, yield, and
 
yield components of winter wheat cultivar mixtures in three
 
environments.
 
Head #  Yield  Sd/hd  Seed wt. 
Moro/93 
Rust  -0.076  -0.034  0.353***  -0.292** 
Head #  0.824***  0.001  -0.099 
Yield  0.371***  0.294** 
Sd/hd  -0.113 
Seed wt. 
Pendleton/93 
Rust  0.246*  -0.143  -0.025  -0.617*** 
Head #  0.795***  -0.450***  0.141 
Yield  -0.113  0.592 * ** 
Sd/hd  -0.197 
Seed wt. 
Pendleton/94 
Rust  -0.242*  -0.576***  -0.285**  -0.381*** 
Head #  0.735***  -0.164  0.029 
Yield  0.147  0.528 * ** 
Sd/hd  -0.297** 
Seed wt. 
a For correlation, data were pooled from three mixtures,
 
each planted at five proportions.
 
*,**, and ***, correlation coefficient is significant at
 
P 5 0.1, P 5 0.05 and P < 0.01, respectively.
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Table IV.4. Correlations' between yield and yield
 
components for winter wheat cultivar mixtures in the absence
 
of stripe rust in three environments.
 
Components  Yield  Seed/hd  Seed wt.
 
Moro/93
 
Head  0.784***  -0.073  -0.195
 
Yield  0.469***  0.292**
 
Seed/hd  0.299**
 
Seed wt.
 
Pendleton/93
 
Head  0.887***  0.302**  0.086
 
Yield  0.628***  0.233*
 
Seed/hd  0.201
 
Seed wt.
 
Pendleton/94
 
Head  0.766***  0.133  0.494***
 
Yield  0.533***  0.099
 
Seed/hd  0.320**
 
Seed wt.
 
a For correlations, data were pooled from all mixtures.
 
*,  **, and ***, correlation coefficients are significant at
 
P < 0.1, P 5 0.05 and P 5 0.01, respectively.
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Path analyses
 
For pure stands, variables with the highest
 
correlations with yield (Tables IV.5-6) also produced the
 
largest direct effects, irrespective of environment or
 
presence of rust (Tables IV.5-6). Under inoculated
 
conditions, the direct contributions of yield components to
 
total yield were similar in all three environments, except
 
for seed weight at Pendleton in 1994, which was much higher
 
compared to the other two environments (Tables IV.5).
 
Moreover, the indirect negative effect of rust was higher
 
for individual seed weight than the number of seeds per head
 
at Pendleton in 1994. The indirect effect of rust in 1993
 
was mostly through number of heads per unit area at Moro,
 
whereas it was through number of seeds per head and
 
individual seed weight at Pendleton. The direct effect of
 
rust on yield of pure stands was nearly zero in all three
 
environments (Table IV.5).
 
Path analyses of the contribution of yield components
 
to overall yield revealed that the components with the
 
highest correlation coefficients produced the largest direct
 
effects on yield for both fungicide-treated and inoculated
 
mixtures (Tables IV.7-8). The direct effect of rust on yield
 
was zero (Table IV.7). Among the variables correlated with
 
yield of mixtures, number of heads per unit area always had
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Table IV.5. Direct and indirect path coefficients of yield
 
components and stripe rust severity to yield of four winter
 
wheat cultivars in three environments.
 
Pathways of association  Environment 
Moro/93  Pend./93 
Stripe rust vs yield 
Direct effect  0.021  0.009 
Indirect via head #  -0.396  0.012 
Indirect via s.eed /hd  0.173  -0.106 
Indirect via seed wt.  -0.055  -0.156 
Total correlation  -0.257  -0.241 
Head number vs yield 
Direct effect  0.879  0.752 
Indirect via rust  -0.009  0.000 
Indirect via seed/hd  -0.141  0.040 
Indirect via seed wt.  -0.043  0.027 
Total correlation  0.686***  0.819*** 
Seed/head vs yield 
Direct effect  0.533  0.431 
Indirect via rust  0.007  -0.002 
Indirect via head #  -0.233  0.070 
Indirect via seed wt.  0.095  0.059 
Total correlation  0.402  0.558** 
Seed weight vs yield 
Direct effect  0.417  0.311 
Indirect via rust  -0.003  -0.005 
Indirect via head #  -0.091  0.065 
Indirect via seed/hd  0.122  0.082 
Total correlation  0.446*  0.453* 
Pend./94
 
0.058
 
-0.004
 
-0.259
 
-0.525
 
-0.730***
 
0.727
 
-0.001
 
-0.139
 
-0.195
 
0.392
 
0.467
 
-0.032
 
-0.217
 
0.342
 
0.560**
 
0.712
 
-0.043
 
-0.199
 
0.223
 
0.693***
 
*,  **, and ***, significant at P s 0.1, P < 0.05 and
 
P s 0.001, respectively.
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Table IV.6. Direct and indirect path coefficients of yield
 
components to yield of four winter wheat cultivars in the
 
absence of stripe rust in three environments.
 
Pathways of association  Environment
 
Moro/93  Pend./93  Pend./94
 
Head number vs yield
 
Direct effect  0.977  0.898  1.138
 
Indirect via seed/hd  0.137  -0.022  -0.129
 
Indirect via seed wt.  -0.185  0.057  -0.197
 
Total correlation  0.929***  0.933***  0.812***
 
Seed/head vs yield
 
Direct effect  0.367  0.337  0.591
 
Indirect via head #  0.365  -0.059  -0.248
 
Indirect via seed wt.  -0.153  -0.092  -0.107
 
Total correlation  0.579**  0.186  0.236
 
Seed wt. vs yield
 
Direct effect  0.336  0.281  0.460
 
Indirect via head #  -0.538  0.183  -0.487
 
Indirect via seed/head  -0.167  -0.110  -0.137
 
Total correlation  -0.369  0.354  -0.164
 
**, and ***, significant at P  < 0.05 and P s 0.01,
 
respectively.
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Table IV.7. Direct and indirect path coefficients of yield
 
components and stripe rust to yield of winter wheat cultivar
 
mixtures in three environments.
 
Pathways of association  Environment 
Moro/93  Pend./93  Pend./94 
Stripe rust vs yield 
Direct effect  0.011  -0.035  -0.010 
Indirect via head #  -0.066  0.223  -0.191 
Indirect via seed/hd  0.147  -0.010  -0.132 
Indirect via seed wt.  -0.126  -0.321  -0.243 
Total correlation  -0.034  -0.143  -0.576*** 
Head number vs yield 
Direct effect  0.867  0.909  0.790 
Indirect via rust  -0.001  -0.009  0.002 
Indirect via seed/hd  0.001  -0.179  -0.076 
Indirect via seed wt.  -0.043  0.074  0.019 
Total correlation  0.824***  0.795***  0.735*** 
Seed/head vs yield 
Direct effect  0.415  0.398  0.464 
Indirect via rust  0.004  0.001  0.003 
Indirect via head #  0.001  -0.409  -0.130 
Indirect via seed wt.  -0.049  -0.103  -0.190 
Total correlation  0.371***  -0.113  0.147 
Seed weight vs yield 
Direct effect  0.430  0.520  0.639 
Indirect via rust  -0.003  0.022  0.004 
Indirect via head #  -0.086  0.128  0.023 
Indirect via seed/hd  -0.047  -0.078  -0.138 
Total correlation  0.294**  0.592***  0.528*** 
**, and ***, significant at P s 0.05 and P s 0.01,
 
respectively.
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Table IV.8. Direct and indirect path coefficients of
 
yield components to yield of winter wheat cultivar mixtures in
 
the absence of stripe rust in three environments.
 
Pathways of association  Location/Year 
Moro/93  Pend./93  Pend./94 
Head number vs yield 
Direct effect  0.881  0.725  0.968 
Indirect via seeds/hd  -0.032  0.140  0.078 
Indirect via wt./seed  -0.065  0.023  -0.280 
Total correlation  0.784***  0.888***  0.766*** 
Seeds/hd vs yield 
Direct effect  0.434  0.462  0.585 
Indirect via head #  -0.065  0.219  0.129 
Indirect via wt./seed  0.100  -0.053  -0.181 
Total correlation  0.469***  0.628***  0.533*** 
Weight/seed vs yield 
Direct effect  0.334  0.264  0.567 
Indirect via head #  -0.171  0.062  -0.478 
Indirect via seeds/hd  0.129  -0.093  -0.188 
Total correlation  0.292**  0.233*  -0.099 
*, **, and ***, significant at P 5 0.1, P 5 0.05 and P 5 0.01,
 
respectively.
 123 
the largest direct effect. Overall, the direct contribution
 
of the number of heads per unit area and number of seeds per
 
head were slightly greater for healthy plants than infected
 
ones, while the direct contribution of weight of individual
 
seeds was greater for rust-infected plants (Tables IV.7-8).
 
The indirect effect of stripe rust through the yield
 
components were generally substantial only through
 
individual seed weight, though at Pendleton in 1994 two
 
other yield variables were also moderately affected (Table
 
IV.7) .
 
Overall, when the correlation coefficients among the
 
yield components were partitioned into direct and indirect
 
effects, direct effects were similar for all yield
 
components both for pure stands and mixtures, irrespective
 
of environment and disease (Tables IV.5-8).
 
Discussion
 
As opposed to other rusts, stripe rust epidemics begin
 
in the early phenological growth stages of wheat and affect
 
all yield components, including number of heads per unit
 
area and number of seeds per head (Finckh & Mundt, 1992;
 
Hendrix & Fuchs, 1970; Yang & Zeng, 1989). Alexander et al.
 
(1986), however, found that stem rust, which occurred in the
 
later growth stages of wheat, affected only grain size and
 
not number of heads or number of seeds per head. Though all
 
of the yield components in our experiments were affected by
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disease, individual seed weight, which is determined last in
 
the developmental sequence of the yield variables, was most
 
consistently reduced by rust for both pure stands and
 
mixtures and in all three environments. According to Gaunt
 
(1980), disease present at the time of determination of
 
yield components may be responsible for loss incurred,
 
though an earlier infection may have an indirect effect via
 
leaf area reduction.
 
Negative correlations among the yield components, both
 
in the pure stands and mixtures, indicated that there was
 
some yield component compensation. However, these
 
correlations were large and significant in only a few cases.
 
Yield component compensation has also been reported in field
 
bean (Adams, 1967; Hampton, 1975; Van Bruggen & Arneson,
 
1986). Yang & Zeng (1989), however, found no evidence for
 
significant yield component compensation with wheat infected
 
with stripe rust.
 
Path analysis indicated that all yield components were
 
negatively affected by rust. Howover, a positive
 
relationship between disease and number of heads was found
 
at Pendleton in 1993. Subplots with higher tiller densities,
 
perhaps caused by random differences in stand establishment
 
among subplots, would be expected to yield higher, but might
 
also provide a more favorable microenvironment for rust
 
increase. A larger degree of stand variability was observed
 
at Pendleton in 1993 than in the other two experiments. A
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similar effect was found in the rice blast pathosystem,
 
where leaf blast was positively correlated with the number
 
of effective tillers (Torres & Teng, 1993).
 
Irrespective of environment, path coefficients reveal
 
that number of heads per unit area had the largest direct
 
positive effect on yield in both presence and absence of
 
rust and for both pure stands and mixtures. For mixtures,
 
number of seeds per head had the second largest direct
 
positive effect on yield under fungicide-treated conditions,
 
whereas under inoculated conditions, weight of individual
 
seed had the second largest effect. A similar trend was
 
found for pure stands, though in the presence of rust, there
 
was not much difference between the direct effects of seed
 
per head and weight of individual seed to yield. Number of
 
seed per head is expected to be greater in the absence than
 
in the presence of disease, but increased seed number will
 
increase competition between seeds, thus reducing seed
 
weight. As a result, increased number of seeds per head
 
would result in increased total yield. In the presence of
 
rust, number of seeds per head is expected to be less than
 
in the absence of rust, which would reduce competition among
 
the kernels, and enable seed size to have a significant
 
positive influence on yield.
 
A low correlation between variables can be the result
 
of a balance between opposed paths of influence leading from
 
common causes (Wright, 1921). A nonsignificant correlation
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does not mean, however, that the individual paths would be
 
unimportant. For example, under rust-free conditions, the
 
correlation between yield and weight of individual seed was
 
found to be negative at Pendleton in 1994 for both the pure
 
stands and mixtures, and at Moro for pure stands and for
 
fungicide-treated mixtures. With path analysis, it was
 
revealed that seed weight had a large and positive direct
 
effect on yield. Hence, increased seed weight would
 
ultimately increase total yield. However, the more subtle
 
indirect negative effects through number of heads and number
 
of seed per head masked the direct effect of individual seed
 
weight to overall yield in the correlation analyses.
 
There were considerable differences between mixtures
 
and pure stands with respect to correlation coefficients.
 
For example, disease had larger negative correlations with
 
yield in pure stands than in mixtures. This would be
 
expected, as mixtures reduced the overall level of stripe
 
rust relative to pure stands (Chapter II). Moreover, in the
 
presence of rust, number of seeds per head had a positive
 
correlation with individual seed weight in pure stands, but
 
was negatively correlated in mixtures. The higher level of
 
disease in pure stands compared to mixtures may have
 
resulted in a reduction of number of seeds per head and,
 
hence, reduced competition between seeds, resulting in
 
higher seed weight and a positive correlation between number
 
of seeds per head and individual seed weight. In contrast,
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the lower level of disease in mixtures would increase the
 
number of seeds per head relative to pure stands, resulting
 
in more competition between seeds, thus lowering the seed
 
weight. Path analysis showed that most discrepancies between
 
mixtures and pure stands were due predominately to indirect,
 
opposing effects, and the mixtures and pure stands were very
 
similar with respect to direct effects of yield components.
 
Plant-plant interactions or other complex interactions
 
that occur in mixtures (Alexander et al., 1986; Burdon et
 
al., 1984; Finckh & Mundt, 1992) may have influenced
 
correlations among yield components. Burdon et al.  (1984)
 
found that Puccinia chondrilla reversed the competitive
 
abilities of Chondrilla juncea when grown in mixture, with
 
the susceptible cultivar being the stronger competitor in
 
the absence of disease, and the resistant one being the
 
stronger competitor in the presence of rust. Finckh & Mundt
 
(1992) found that wheat cultivars differed significantly in
 
competitive ability in mixtures, and that the presence of
 
stripe rust influenced these differences by selecting for
 
increased tillering of resistant or susceptible cultivars.
 
It is unclear at this point how these complex competitive
 
interactions may impact correlations among yield components.
 
In summary, our results suggest that number of heads
 
per unit area was the most important yield component with
 
the largest, absolute direct effect on yield, irrespective
 
of disease, both for pure stands and mixtures. Number of
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seeds per head was the second most important yield component
 
in the absence of rust, with positive effects on yield both
 
for mixtures and pure stands. Under inoculated conditions,
 
individual seed weight was the second most important yield
 
component for mixtures, but for pure stands the contribution
 
of number of seeds per head and individual seed weight to
 
total yield were similar. It is also evident that the direct
 
effects of yield components to yield were similar for both
 
pure stands and mixtures, and that most of the discrepancies
 
between correlation coefficients and direct effects were due
 
to indirect, opposing effects. Thus, path analysis uncovered
 
relationships that would have otherwise remained confounded
 
in correlation coefficients.
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CHAPTER V
 
CONCLUSIONS
 
The objectives of this study were to determine the
 
influence of two-component wheat cultivar mixtures on stripe
 
rust severity, effect of mixtures and stripe rust on yield
 
and yield components, the relative importance of stripe rust
 
and yield components on yield, and the opposing effects
 
between yield components along different paths of influence.
 
Race/cultivar combinations were chosen to give clear host-

specific reactions. Due to its polycyclic nature, stripe
 
rust can increase rapidly in response to different ratios of
 
cultivars within a single growing season. In addition, a low
 
temperature optimum (10-15°C) results in stripe rust
 
epidemics that begin early in the growth stage of wheat.
 
Thus, stripe rust can impact all yield components.
 
Three two-component mixtures of club wheat cultivars
 
were planted in replacement series at five different ratios
 
along with four pure stands over three environments in the
 
presence and absence of stripe rust. Each cultivar was
 
susceptible to one or two stripe rust races. Disease
 
severity on a cultivar decreased as cultivar frequency
 
declined in the mixtures. Disease reductions due to mixing
 
were due mostly to epidemiological effects; changes in
 
cultivar frequency during the season from that planted had
 
little influence on stripe rust severity. Mixtures with
 
equal proportions of cultivars provided the highest level of
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disease control. The degree of disease control due to mixing
 
on a given cultivar depended, in some cases, on the
 
companion cultivar in the mixture. Thus, in addition to
 
knowledge of resistance and virulence characteristics of a
 
pathosystem, empirical testing is also essential.
 
Mixtures yielded, on average 7 and 4% more than the
 
means of their component pure stands in the presence and
 
absence of stripe rust, respectively. Though all yield
 
components were reduced by stripe rust, seed weight was the
 
component that was most consistently affected. Yield
 
advantages due to mixing were higher for equal proportions
 
of cultivars than for unequal proportions both under
 
diseased and rust-free conditions. There were no
 
relationships between yield or competitive abilities of the
 
cultivars in pure stands with their yields and competitive
 
abilities in mixtures. On average, mixtures showed no
 
greater yield stability than did pure stands. Results
 
suggest that, to formulate effective mixtures for higher
 
yield advantage, choice of mixtures and specific proportions
 
are important considerations in the presence of disease.
 
The major effect of rust on yield was through the yield
 
components, with individual seed weight being most
 
consistently affected by rust. Compensation among components
 
of yield was suggested by the presence of negative
 
correlations among yield components, in some cases.
 
Components with the highest correlations with yield also had
 134 
the largest direct effects on yield. Number of heads per
 
unit area exerted the largest influence on yield. The direct
 
effects of number of seeds per head were of similar
 
magnitude, although seed per head was more important in
 
absence of rust than in its presence. The pure stands and
 
mixtures differed with respect to magnitudes of
 
correlations, but were very similar for direct effects. Most
 
of these discrepancies were due to opposing indirect
 
effects, which were not evident from correlation
 
coefficients alone.
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